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CHAPTER I 
INTRODUCTION 
In 1959, the announcement of fluid control components, without 
mechanical moving parts, focused attention on a promising new area for 
research. These components produced signal amplification through the 
interaction of jets or the flow field changes caused by walls in prox-
imity to jets. The components became known as fluid amplifiers or 
11 fluidic 11 devices. Since 1959, many· different types of proportional 
and digital fluid amplifiers have been developed. 
The impact modulator is a type of fluid amplifier with high 
pressure gain in proportional operation and large fan-out capability in 
digital operation. Although experimental input-output characteristics 
are established for·particular geometries, there have not been any 
analytical descriptions of impact modulators. The objective of this 
investigation is to provide an analytical model for the static 
performance of impact modulators. 
The Impact Modulator 
Figure l shows a schematic drawing of the impact modulator. Two 
round nozzles, an •emitter•' and a •source, 1 are on a common axis. An 
annular output chamber surrounds the source nozzle. Under normal con-
ditions of operation, jet flow from the emitter totally or partially 
blocks flow from the source. Modulation or control of the emitter jet 
l 
NNULAR FLOW 
; 
(l ..l" J ...7 ..7.7 I .Z-£".L7"...Z: 
EMITTER NOZZLE SOURCE NOZZLE 
TRANSVERSE FLOW 
IM-PACT MODULATOR 
Figure 1. Impact Modulator Schematic 
may occur in one of three ways: 
lo By changing the emitter flow --- emitter modulation (direct)a 
2o By introducing flow into an annular chamber surrounding the 
emitter nozzle (dashed lines in Figure 1) --- annular 
modulation (direct)s 
3. By introducing flow into a transverse control nozzle (dot~dash 
lines in Figure 1) --- transverse modulation. 
3 
In the absence of control flowi the flow field is similar to that of 
coaxial opposing jetsi except that the impact region is in close prox-
imity to the source nozzle exit plane. The addition of control flow 
alters the characteristics of the emitter jet and causes the impact 
position to move slightly towards or away from the source. As a con-
sequencei the pressure in the output chamber (P0 ) increases or de-
creaseso Since the output pressure change normally exceeds the control 
pressure changei the device is an amplifiero The pressure gain is 
defined as the ratio of the change in output total pressure to the change 
in control total pressureo 
Previous Work 
Direct and transverse impact modulators were in:t.roduced in 19640 
Bjornsen (1) provided a qualitative description and experimental 
results" Lechner and Sorenson (2) considered impedance matching and 
cascading techniqueso Both of these papers emphasized the character-
istics of complete deviceso Misevich (3) introduced an empirical model 
for the balance position of axisymmetric impacting jetso The basis of 
the model was some centerline decay experimentiS on 0.007i Oo016i and 
Oo025 ine diameter jetso Subsequently the jet balance position was 
calculated by equating the 11 average 11 total pressure of the opposing 
jetso In this case the average was taken over the area of the nozzleso 
Katz (Li:) found the balance point from a force balance on a round disk 
the size of the nozzleso The disk position then determined the pressure 
gain for emitter modulations Desai and McGregor (5) performed a para-
metric study of annular impact modulatorso Their experimental device 
produced pressure gains which were two orders of magnitude lower than 
the values given by Bjornsen (1) and Lechner and Sorenson (2)a Fenger 
(6) presented an inviscid analysis of coaxial impacting jetso The 
results were? to some extenti in agreement with experimental dataa 
Statement of the Problem 
In general 1 most .of the previous work considers the complete im-
pact modulator as a ·1 black box 1 or concentrates on the impact of axi-
symmetric jetsa The black box approach is a very.useful practical 
methoda However? it does not indicate the internal flow processes and 
is time consuminga On the other handi the study of impacting jets 
alone provides no information about the modeling of impact modulatorso 
One reason for this is that the actual modulator operates with one jet 
and one obstructed flow rather, than with two impacting jet.so 
The purposes of this thesis are therefore; 
la To identify the basic fluid flow processes that occur within 
impact modulatorsa 
2o To indicate the important parameters that underly modulator 
static performancea 
Ja To develop a generalized static model that can be used to 
predict input-output characteristicsa 
Treatment of the Problem 
The flow phenomena in impact modulators is too complex to solve 
from first principles" Therefore, separation of the phenomena into 
distinct flow processes that are amenable to analysis or to simple 
experiment is necessary. In this investigation the selected processes 
are: 
l. Modulation of emitter jet by control jet. 
2. Submerged jet impinging on the streamsurface. 
J. Source flow modulation" 
~. Conversion of energy (breakdown of source total pressure into 
static and dynamic pressures). 
5 
The initial process (No. 1) is a function of the input signal and 
the final process (No.~) relates to the output signalo The position 
and shape of a hypothetical dividing streamsurface within the modulator 
provides the connection between Processes No. 2 and Noa Jo 
Initially 1 each process is described in functional formo Then~ 
empirical expressions 7 determined from experiment and analysis 1 replace 
the function formso Finally the expressions taken together yield the 
input-output characteristics of impact modulators. 
Results 
A static model for predicting the input-output characteristics of 
direct and transverse impact modulators is developedo The input-ou-t.put 
characteristics depend on eight distinct parameters. The most sensitive 
parameters are the nozzle spacing and the rate of jet centerline decayo 
Experimental data are presented for two large-scale impact modulators. 
The results show that the pressure gain varies with the operating 
point. The pressure gain is highest when the output pressure is near 
mid-range (P0 /P8 ~ 0.5). The average experimental pressure gain 
throughout the linear operating range (0.2 < P0 /P 9 < o.8) is within 
25 per cent of the gain predicted by the model. 
6 
The model consists of four distinct flow processes and their inter-
connections. A description of one of these processes requires the con-
tinuous characterization of an axisymmetric turbulent jet throughout the 
transition and fully developed regions. An analytical formulation is 
presented here to provide this description. The analysis, based on 
Reichardt 1 s theory of turbulence (7) and the superposition principle, 
allows the introduction of any arbitrary nozzle exit velocity profile. 
Experimental jet data are presented to verify the adequacy of the 
analytical formulation with and witho1;1t auxiliary flows superimposed 
on the primary jet flow. The results of the analysis are also applied 
to the case of a jet impinging on a flat plate. 
Turbulence intensity measurements are presented for a jet with 
auxiliary flows. A small annular auxiliary flowi reduces the axial 
turbulence intensity in the jet two or more nozzle diameters down-
stream. As a consequence, there is a decrease in jet spread. When the 
annular flow exceeds one third of the primary flow the downstream 
turbulence intensity is increased. In the case of transverse auxiliary 
flow the turbulence intensity of the control jet appears to supplement 
the turbulence intensity of the primary jet. The result is an increase 
in the turbulence intensity downstream and an increase in jet spread. 
CHAPTER II 
FORMULATION OF THE PROBLEM 
The problem is the development of a model to predict the input-
output characteristics of impact modulatorso The structure of the model 
should consist of a set of logically connected fundamental processes 
that are amenable to analysis or simple experiment. 
Basic Concepts 
To provide the logical separation of fundamental processes 1 the 
concept of a "dividing streamsurface 11 is adopted. The dividing stream-
surface is an apparent barrier that separates emitter flow from source 
flow. Two hypothetical dividing streamsurfaces are shown in Figure 2 
for the extreme operating conditions of an impact modulatoro At the 
"beginning of flow modulation" (Figure 2a), the source flow is not 
restricted by the dividing streamsurface. In this condition 7 the 
source flow is independent of emitter flow. An appropriate change in 
control signal moves the dividing streamsurface towards the source and 
causes a reduction of source flow. In the limiting condition 7 the 
streamsurface comes into contact with the source nozzle and the source 
flow is 11cutoff 11 (Figure 2b). At this condi tion 7 a portion of the 
dividing streamsurface is concave and lies within the source nozzle. 
The concave curvature is necessary at,cutoff·so that the radial static 
pressure distribution along the concave portion of the streamsurface 
7 
EMITTER 
NOZZLE 
DIV! DI NG 
S TREAMSURFACE 
a) BEGINNING OF FLOW MODULATION 
EM I TT ERL 
NOZZLE 1/ 
DIVIDING 
STREAMSURFACE 
b) CUTOFF 
SOURCE 
NOZZLE 
J_ 
D 
T 
Figure 2. Hypothetical Representation of Dividing Streamsurface 
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9 
will balance the uniform pressure of the source. An infinite number of 
operating conditions exist between the beginning of flow modulation and 
cutoffo There is a different streamsurface shape and position for each 
operating conditiono Thus 1 the streamsurface controls the impact modu-
lator source flow similar to the way a flapper controls a flapper-
nozzle flow. For this reason 1 the position and shape of the dividing 
streamsurface are important factors in an impact modulator modela To 
reduce complexity, the streamsu.rface is represented by only the center~ 
line and curtain distances from the source nozzle (Z(O) and Z(R) 1 
re spec ti vel y) o 
The centerline distance 9 Z(0) 9 is colinear with the stagnation 
streamline and can be approximated from a centerline total pressure 
balance. Figure J shows the concept of a centerline pressure balance 
schematicallyo The centerline total pressure distributions for the 
emitter and source jets (measured separately) are superimposedu Since 
the jets (spaced a distance 9 L 9 apart) oppose each other 9 the slopes of 
the centerline pressure distributions have an opposite signo A balance 
point occurs at the point of intersection or where the pressures are 
equal.. In the operating region the balance point is close to the source 
nozzleo Thus 9 the source total pressure is equal to the balance point 
total pressure in a typical modulator. Since the centerline total 
pressure distribution depends on the streamsurface shape 9 the value of 
Z(O) determined from probe or fl.at plate centerline data is only a fi.r3t 
approximationo 
The curtain distance, Z(R) 9 is determined experimentally since it 
is difficult to approximate without a knowledge of the streamsurface 
EMITTER CENTERLINE 
TOTAL PRESSURE 
SOURCE CENTERLINE 
TOTAL 
...,..._--L-Z(O}---~ (0) 
L 
Figure J. Superposition of Centerline Total Pressure Distributions 
1--
0 
curvature. This distance is important in the impact modulator because 
it defines the area that controls the source flow. 
Fundamental Processes 
Figure 4c illustrates a convenient separation of the fundamental 
flow processes which govern impact modulators. These processes are: 
1. Emitter Jet Modulation. Control jets act on the emitter jet 
in a region near the emitter nozzle exito 
2. Impinging Jet Flowo The modulated emitter jet passes into a 
zone of free shear flow and then impinges on the dividing 
streamsurface. 
J. Source Flow Modulation. The dividing streamsurface regulates 
the source flow. 
4c. Energy Conversion. The output pressure signal is the static 
pressure portion of the source total pressure near the exit 
of the source nozzle. In effect, the modulating signal at 
the input of the impact modulator changes the proportion of 
dynamic and static source pressure that exists at the output 
position. 
The position and shape of the dividing streamsurface provide the 
connection between the impinging jet (Process No. 2) and the source 
flow modulation (Process No. J). 
Assumptions 
In the course of this investigation the following assumptions 
are made: 
11 
I. EMITTER JET 
MODULATION --. PRESSURE 
BALANCE 
I I ---,, 
I 't 
I ~ 
I ~ 
/ 
I 
/ 
--... ,3. SOURCE 
FLOW 
MODULATION 
-,1 ',r-
I I 111 I 
- EMITTER _____ 1 - :: 1 - I 1 --r- SOURCE 111 11 I --,Lf--..Jl \\\ _____ .J L.- _...J 
I ~ I ~ &----~~~-- l ~ 
I \\ l \~ 
2~ IMPINGING \\ 
JET FLOW 
DIVIDING STREAMSURFACE 
Figure 4. Fundamental Processes 
4. ENERGY 
CONVERSION 
I-
I:\: 
1. The predominant effect of annular or transverse control flow 
is to alter the turbulence intensity in the axial direction. 
(Appendix A shows that the effect of jet deflection is 
negligible). 
2. The impinging jet flow process is describable by the free jet 
analysis method of Alexander, Baron, and Comings (9), with a 
suitable change in the method of determining the single 
experimental constant which accounts for the jet spread (jet 
decay factor) • 
13 
3. The centerline position, Z(O), is calculable from a center-
line total pressure balance when the centerline total pressure 
distribution is corrected to account for the shape of the 
streamsurface. 
~. The correction to the centerline total pressure distribution 
depends on nozzle spacing, streamsurface shape and the center-
line total pressure distribution as measured on a flat plate. 
5. The curtain position Z(R) is only a function of the centerline 
position 1 Z(O). 
6. The controlling area for source flow is the curtain area~ 
nDZ(R). 
7. The flow within the source nozzle is inviscid and Bernoulli I s 
equation applies. 
8. The source flow emanates from a zero impedance supply. 
9. The flow is incompressible. 
10. The output chamber is equivalent to a static pressure tap at 
the source nozzle exit. 
llo The output flow (see Figure 1) is zero; this condition is 
referred to as "blocked loada" 
The Model 
14 
The conceptual model in Figure 5 illustrates the assumed relations 
between the flow processeso The control signals (entering on the left 
side of Figure 5) alter the turbulence intensity of the emitter jet 
and, in turn, change the centerline total pressure distribution. This 
distribution, which is assumed to depend on the ·streamsurface shape~ is 
represented by a jet spread or jet decay factoro Since the position 
and shape of the actual dividing streamsurface change with operating 
point, a quantitative description is difficulta In the proposed model 1 
a flat plate represents the initial shape of the dividing streamsurface 
and a flat plate decay factor 1 CP 9 represents the initial centerline 
total pressure distribution" A centerline total pressure balance 
(using CP) determines an approximate centerline positiona The actual 
streamsurface centerline depends on the streamsurface shape which 9 in 
general I is not flat. A feedback circuit corrects the approximate 
decay factor (c.,) and produces an effective decay factor 
(Ce = CP + Cf)a The input to the feedback circuit is the plate decay 
factor, Cp, and the output is the corrected streamsurface curtain 
posi tion 1 Z(R) a In the next processi the curtain posi,tion determines 
the source flow (source flow modulation on Figure 5). To complete the 
model the source flow controls the magnitude of the output pressure 
signal (Energy conversion on Figure 5). 
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Functional Relations 
Functional relations for each portion of the model are presented 
below. 
Emitter Jet Modulation and Impinging Jet Flow 
For convenience, fundamental processes Noo 1 and Noo 2 are combined 
into a single functional relation between control pressure signal and 
the jet decay factor as determined from flat plate measurements. In 
functional form (see Assumption Noo 1) this is: 
( 1) 
where P9 , P05 , and P0 t are the control pressures for emitter, annular 7 
and transverse modulation, respectivelyo 
Streamsurface Centerline Position 
The location of the stream surface on the jet centerline occurs 
where the total pressure in the emitter jet equals the source pressure 
(Figure J); this is the balance pointo From Assumption Noe J, the 
centerline position is: 
Z(O) = Z( 0) [P8 ? P0. , P I Ce i geometry] . a s (2) 
where Ce is the corrected decay factor" The transverse control 
pressure does not appear in Equation (2) since the emitter deflection 
is small (typically< 2 degrees~- see Appendix A) and no momentum is 
added in the axial direction by the transverse control flowo 
17 
Streamsurface Shape 
In this investigation, two points on the streamsurface (the curtain 
position and the centerline position) represent the streamsurface shape. 
From Assumption No. 5, the dividing streamsurface shape has the form: 
Z ( R) = Z ( R) [z ( 0)] (J) 
Source Flow Modulation 
The source flow depends on the geometry of the source nozzle~ the 
curtain distance (Assumption No. 6) and the source pressure. The 
impedance of the supply to the source chamber is not considered here 
(Assumption Noa 8). Thus, the relation for the source flow is: 
Q8 = Q8 [P 8 , z(R), geometry] ( 4:) 
Energy Conver.sion 
The total pressure at the output is the static pressure portion of 
the source total pressure. From Assumptions Nos. 7 and 11~ the 
functional form is: 
(5) 
Shape Correction 
The feedback decay factor, Cf, provides a correction to the flat 
plate decay factor, CP; Ct depends on the nozzle spacing, streamsurface 
shape, and the plate decay factor (Assumption Noo 4:). Thus~ 
c, = ct [(Z(O) - Z(R)), L, cj)J (6) 
where the difference between the centerline and curtain distances 
represent the streamsurface shape. 
The Proposed Investigation 
18 
Four fundamental flow processes separate the impact modulator into 
distinct units. The processes, connected by the dividing streamsurface 
and an associated feedback circuit, form a conceptual model of impact 
modulators. The functional relations of the previous section follow 
directly from the conceptual model and a set of assumptions. 
The objective of the presentations in Chapters III to VI is to 
find empirical relations for the functional forms given in Equations 
(1) through (6). A reference back to the appropriate functional form 
follows the derivation of each empirical relationo 
In later chapters (Chapters VII and VIII), the empirical expres-
sions are combined to indicate the input-output characteristics and the 
pressure gains of emitter, annular, and transverse impact modulatorso 
The model indicates the relative importance:of operational and 
geometrical parameters. 
CHAPTER III 
THE AXISYMMETRIC FREE JET 
The conceptual model for impact modulators requires the time-
average characteristics of impinging axisymmetric turbulent jets. 
To obtain these characteristics, expressions are derived in this 
chapter for the free jet. Then, in the following chapter, the 
expressions are modified to apply to impinging jets. 
Free jets have been the subject of a large number of investiga-
tions. In this chapter, only a few directly applicable papers are 
cited. 
Goertler (7) provides a similarity solution that describes the 
free turbulent jet in the fully developed region. Albertson et al. 
(8) separate the free jet flow field into a "zone of flow establish-
ment" and a llzone of established flowo II This formulation does not 
account for the continuous transition from one zone to the other" An 
analytical formulation for the entire flow field is derived by 
Alexander, Baron, and Comings (9) for axisymmetric jets and by Kirshner 
(10) for two-dimensional jets. These latter papers linearize the 
equations of motion with Reichardt 1 s turbulence hypothesis and then 
apply the superposition principle. This is the method followed here. 
19 
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Free Jet Analysis 
Alexander, Baron, and Comings (9) present axial velocity profiles 
determined both analytically and experimentally for the axisymmetric 
turbulent jet. This investigation presents a detailed development of 
an expression for the axial velocity as a function of x and r. The 
results are equivalent to those of Alexander et al.-
The inductive theory of Reichardt (11) and the equation of motion 
combine to yield: 
2 
o(u) 
oX 
22 
ACX) [ o (u ) 
-- or2 
1 
+ 
r 
2 
s(u) J 
or 
(7) 
where A(X) is a proportionality parameter called the momentum transfer 
length, If A(X) ""c2X/2 9 a solution of Equation (7) has the form 
assumed by Albertson et c1L (8); that is: 
~D
2 [ 2/ 2 2] 
_,, 4:c2x2' exp -r c x (8) 
where the subscript_.!. refers to flow originating from an infinitesimal 
hole, C is an ex:perimentally determined constant, U0 is a reference 
velocity and Dr is a reference diametero Since Equation (7) is a 
linear differential equation 1n the variable u 2 , superposition applies. 
This follows the calculation o.f the axial velocity at any location and 
for any arbitrary velocity profile at the nozzle exit. 
The convolution of the solution given in Equation (8) and an 
arbitrary nozzle exit velocity profile function 1 f(r), for a finite 
nozzle diameter 1 D, yields: 
(9) 
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where f(r) :::\1Ku(Ojr)/U0 j K is a scale factor, 8(a,r) defines the angle 
of equal contribution, a is a dummy variable and the limits depend on 
the radial positiono 
Figure 6 gives a graphical representation of the angle, 6(a.,r). 
The views show the cross section of the jet nozzle. Figure 6a indicates 
the interior points of the flow field (r ~ D/2) and Figure 6b indicates 
the exterior points (r _::: D/2). The angle of equal contribution for 
interior points is: 
8(a., r) = 2TT.i -r ~ a ~(D/2 - 2r) 
8(a., r) -1 .. 2 cas 
2 2 
r + (r + a) 
2r(r + a) 
(lOa) 
(!Ob) 
The angle of equal contribution for the exterior points has the same 
form as Equation (!Ob). except that the limits change to -D/2 ~ a. < D/2. 
For a uniform velocity profile at the nozzle exit ( f(r) = K) 
Equation (9) becomes: 
and 
where 
[::~X1r)] 
O r<D/2 
2 JJ/2 
,,., 1 ·-exp[~ (D/2 - r) ]+ r.. F(a.)do. 
c2x2 b/2-2r 
rJx,r~ " 
r>D/2 
D/2 J F(a.)da. 
-D/2 
F(cx.) ·- 2(r + a) 
nC2X2 
2 2 2 2 
[ 
( r + a.) J -l[r + ( r + a.) m D /1± J 
exp - 2 2 a:lS' 
C X 2r(r + a) 
(Ila) 
(llb) 
D 
--2r 2 
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~---- r ---__ ___,_, 
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b) EXTERIOR POINTS 
Figure 6. Areas of Equal Contribution to the Velocity 
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and 
Evaluation of the integrals in Equation (11) requires numerical 
methods. Figure 7 shows the results of a numerical integrati5>n of 
Equation (11) with Simpson 1 s rule. In this case the experimental con-
stant i.s arbitrarily selected as .0.070. The formulation given in 
Equation (U) differs from those of Goertler (7), Albert~on et al. 
(8), and others in that it provides a continuous characterization of 
the jet throughout the transition and f~lly developed regions~ 
Centerline Total,Pressure Decay of Free Jet 
The centerline balance point (Figure J) depends on the analytical 
functions that represent the centerline total pressure distribut:i;on 
of the impil).ging jet. This distnibution is called the "centerline 
decay. 11 The procedure presented iry the previous section leads to an 
analytical expression for the centerline decay of a free jet.. The 
derivation of the.expression follows belowo 
On the jet axis the convolution of Equation (8) and an arbitrary 
nozzle exit profile function 1 f(r) yields: 
23 
(12) 
As examples of the application of Equation (12), Figure 8 shows 
some assumed boundary layer exit profiles. 
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l~ Annular E.xit Profile 
The annular velocity profile shown in Figure 8a is similar to the 
case of an annular auxiliary flow superimposed on a primary jet flow 
(emitter). The central region up to the radius of the inner nozzle has 
the uniform velocity, U0 • The surrounding annular flow has ±he uniform 
velocity, uoa" The velocity profile function for this shape is: 
[f(r)]a ~,W~ o~r<D/2 (lJa) 
(lJb) 
If Equation (lJ) is substituted into Equation (12) and the integration 
performed, the result is: 
F;r~r) J a 
a 
where E = 4c2x2/o2 and K "" 4/rrp2 so that u(0 9 0) ::. U0 • In incom-
pressible flow the relation between total pressure at any point and 
dynamic pressure (12) is: 
2 
p =~[1 2 
2 
~i J + --2 
u 
(1.4) 
(15) 
The contribution of the turbulent fluctuations is usually small. If 
these are neglected 1 Equations (14) and (15) combine to give: 
[:J = 1 - exp[- i] + ::a [ expG ~)- expG n:,02) J (16) 
a 
where Pis the total pressure on the centerline 1 Pn is the total 
pressure in the primary flow chamber and P0 a is the total,pressure in 
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the auxiliary flow chamber. Without auxiliary flowi P04 = Oi arid 
Equation (16) reduces to: 
p 
pl'I 
( 17) 
Figure 9 represent;; Equatton (17) for several. values-of tl].e decay 
factor 1 C. The magnitude of C is a measure of both the spread and 
decay of the jet; the larger the value of C, the greater the jet spread 
and the more rapid the deca,y of centerline total pressure. 
The 9enterline decay given in Equation (~7) and the centerline 
decay proposed by Albertson.et ala. (8) a:r:.e different. Figure 10 
shows both representations. In the Albertson model, the centerline 
total pressure remains at the nozzle exit value until the paramet~r E 
equals 1.. For greater values of the parameter 9 the c,enterl.ine pressure 
decreases and is equal to 1/E. The centerline pressure decay pres~nt~d 
in Equation (17) decreases continuously from the nozzle exit. It 
approaches the Albertson model asymptotically for both SIIJall and large 
values of the parameter E. 
2. Exit Profile with Boundary Layer 
Figure 8b shows the exit velocity profile with boundary l~yer 
buildup. The velocity profile function for this shape consists of a 
central region at uniform velocity surrounded by a curved region that 
lowers the velocity to zero at the walls. A precise representation 
of the boundary layer shape is not necessary here since the convolution 
integral is relatively insensitive to shape. The objective is rather 
to illust,rate the effect of a nonuniform exit vel.oci
1
ty profileo For 
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of Equation ( 12), a parabolic velocity profile is selected. The 
vetocity profile function for the shape shown in Figure 8b becomes: 
(18a) 
, (D/2 5) < r < D/2 (18b) 
where 5 is the boundary l<ji-yer thickness. The proc.edure followed for 
the annular exit profile is now repeated. Equation (18) 7 in 
conjunction with Equation (12} yields: 
,r;;(cX') rt>/~ - oJ I. / _l_ )- f cl_:~ ) J 
v TT~o ) l- o Ler -'-yE er /E (19) 
When the boundary layer thi ,r:kness is zero I Equation ( 19) is in deter-
minate. However'l evaluat,ion by di.fferentiation shows that Equation (19) 
is equivalent to Equation (1!±) with u 0 a. = O. Figure 11 shows Equation 
(19) for various values of the boundary layer th1.ckness. The boundary 
lc).yer always effe,ctB the centerline decay. However 7 when the boundary 
layer-diameter ratio ( 5/D) is between O and o. l 1 there, is only a small-
difference in the decay curveso Thereafter, the effect becomes 
progressiyely l,;1.rger until the boundary layer extends to the nozzle 
axis a 
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Experiments on Free Jets 
The emitter nozzles in the experi_ments are O. 125 in. diameter and 
00500 in. diameter. Figure 12 shows the configurations of the nozzles 
and supply chambers. The 0.125 :j.n. diameter nozzl~ (Figure 12a) has a 
0.500 in. diameter plennum chamber and a 0.125 in. supply tube perpen-
dicular to the nozzle axis. The 0.500 in. diameter noz~le (Figure 12b) 
' ' 
is suppLied through an 00500 in. in-).iqe tube at the end of a 1. 750 in. 
diameter plennum chamber. In addition~ the 00500 in~ nozzl~ has a 
screen in the plennum to make the flow more uniformo A 00012 ino O.D. 
total-pressure probe measures the free jet.total.pressure of the Ool25 
i:r;i. diameter jet and a O.OJl in. O.D •. total, pressure probe measures the 
00500 ino diameter jet. Each probe is mounted on a three-axis 
traversing mechanism. The pressure readings are taken on precision 
iqclined manomet~rs. 
Fi~ure 13 shows some typical.centerline decay data for the Ool25 
in. and 00500 in. free jetso Equation (17) 1 with values of the decqy 
factor~_ determined by a least squares--fi t to the datai, is -also pl,otted 
on Figure 1.3. The calculqted decay factors-are 00975 for the 00500 ino 
jet and 0.982 for the 0.125 ino jet. Equation (17) prqvides a good fit 
to the data from both jetso The difference between th~ data and 
Equat~on (t7) is always less than 3 per cent. Variations in nozzly 
pressurei Pn 1 from 4 to JO·ino H20 9 result in a decay factor change 
of less than 5 per cent. 
Figure 1{! shows-some free jet axial velocity profi,les measured 2 9 , 
6 1 and 10 diameters downstream from t~e nozzle exito Equation (11) 
with C = O • 075 is plotted on Figure 14 for comparisono The agreement 
between experiment and theory varies ,witp downstream dtstance and 
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Figure 12. Experimental Nozzles 
33 
J4 
1.0 
D, in. Pn "in. H20 
Q_C 
.9 v 0.500 7.5 a: e 0.!25 10.0 
... 
w 
.8 a: 
::> 
CJ) 
Cl) 
.7 w 
0:: EQ. 17 11 ( C =0.075) a.. 
IJ.J .6 
z 
_J 
0:: 
.5 w 
.... EQ~ 17, (C =0.082) 
z 
L1J 
0 
.4 
.3---~---~~..._~--~~---~~--~--
4 5 6 7 8 9 10 
DOWNSTREAM DISTANCE, X/0 
Figure lJ. Free Jet Centerline Total Pressure Distribution 
35 
Pn = 1. 5 i n. H 2 0 
.8 X/D 
9 2 
x 6 
.7 e 10 
;:f 
~ EQ. 11 1 (C=0.075) 
... 
>-
.5 I- G 
0 a 
0 
_J 
.4 
w 
> 
.3 
.2 
. I 
QL-..1.-......L.--L~L-_._...J...---1....._...._~--__.,~-------
o I 2 .4 16 ~8 1.0 1.2 1.4 
RADIAL DISTANCE, r ID 
Figure l~. Free Jet Velocity Profiles 
36 
At 2 nozzle diameters downstream the agreement is 
> ' 
within 1 per cent for r/D less than Oo5. However 1 in the high gfadient 
region near the extremi i;ies of the jet 1 the data and Equation (ll) 
differ by as ·much as 60 per cento Part of this discrepancy may be the 
result of experimental errors. The measurements taken at 6 and ~O 
nozz~e diameters are always within 20 per cent of the theoretical pre-
dictions and usually within 7 per cent. The disparity between experi-
ment and theory may reduce for another value of C. The value of C 
(0~075) had been previously determined from centerline decay alone 
(Figure 13). 
CHAPTER IV 
CENTERLINE DECAY OF IMPINGING JETS 
The introduction of a sizeable obstacle into a jet flow field 
alters the charac~eristic~ of the otherwise fr~e jet. This chapter 
deals with the centerline total pressure decay of impinging jetso 
Decay of Jet Impinging on a Large Flat Plate 
LeClerc (13) and Schach (14) present ,inv~scid analyl;)es for the 
impingement of an axisymmetric jet on a flat plate normal to the axis. 
In the region from the nozzle exit to about 4 nozzle diameters down-
stream, the inviscid analyses satisfactorily predict the radial
1
pres= 
sure distri,bu tion on the plate o Al though these analyses give no 
indication of centerline distribution they provide informati.on about 
the free streamlines. This information is useful in 1recogniz;ing the 
exte,nt of the plate influence on the impinginij turbulent jeto Figure 15 
shows the free streamline obtained by LeClerc (IJ) o The distance from 
the plate~ at which the free streamline deviates from its original 
posit~on by some arbitrary amount (Leo 9 Oo01JD) 1 is the hypothetical 
impingement dis,tancei Ho This impingement dist.ance defines the approxi, 
mate ex.tent of plate influence on the free jeto Thus 1 in subsonic flow~ 
the impinging jet behaves as a free jet until it approaches within the 
impingement distance of the flat plateo 
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The concept of an impingement dis.tance is useful .in visu~lizing 
the difference in the centerline pressure decay of free and impinging 
jets. As an example of the use of the impingement distance concept, 
Figure 16 shows ,a typical centerline decay curv,e for a free jet. A 
small total pressure probe located at ,xp recovers the free jet total 
pressure. However? if a fl,at plate wi_th a pressure tap in i ~ replaces 
the probe, the free jet region extends only to XP - H. At this location 
free jet entrainment terminates. If no losses occur in the region 
(x., - H) < X < Xµ 9 the centerline stagnation pressure measured on the 
plate at x., equals the total pressure in the free jet at x., - H. The 
centerline total pressure of the impinging jet 9 Ppi then becomes. 
(20) 
Since the precise impingement distance (H) and the amount of stagnation 
recovery are uncertain 1 it is mo.re convenient to utilize a plate decay 
factor, CP • Thus 1 Equation ( .20) changes to: 
(21) 
where c., == C ( l-H/2Si). The plate decay factor is always less than the 
free jet decay factor. When the distance downstream of the nozzle exit 
is between 4: and 10 nozzle diameters, c., is between 80 and 90 per cent 
of C. As the distance increases beyond 10 nozzle diameters, the plate 
and free jet decay factors approach each other. 
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Experiments on Impinging Jets 
Snedeker and Donaldson (15) perform an experimental investigation 
of jets impinging on flat and curved plates. However, their data are 
not presented in sufficient detail in the transition region to allow 
correlation with the work done here. 
The present jet impingement experiments pertain to subsonic flow 
on flat plates and concentrate on the transition region (4D ~ X ~ lOD). 
The flat plates are at least 10 nozzle diameters square and each have a 
small pressure tap in the center (0.013 in. diameter tap for the 0.1.25 
in. diameter nozzle and 0.020 in. diameter tap for the 0.500 in. diam-
eter nozzle). The 0.125 in. diameter and 0.500 in. diameter emitter 
nozzles are the ones previously used in the free jet experiments. 
Figures 17 and 18 show some typical centerline decay data for the 
0.125 in. and 0.500 in. impinging jets and also show Equation (21) with 
the value of CP calculated from the data using a least squares fit. 
In addition, Figures 17 and 18 present a comparison of the free jet 
results and the plate results. The plate decay factors are less than 
the free jet decay factors. For the 0.125 in. emitter 1 the ratio of 
plate to free jet decay factor (Cp/C) is 0.87 and for the 0.500 in. 
emitter the ratio is 0.89. In addition, the impingement data agrees 
well with the form assumed in Equation (21). For downstream distances 
of 9 nozzle diameters and less, the data is within 5 per cent of the 
analytical form. At 10 nozzle diameters the discrepancy increases to 
8 per cent. Thus, the formulation derived for the free jet centerline 
decay approximates the impinging jet decay but requires a modified 
experimental constant. 
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Significance of Decay Curve Slope 
In the development of an expression for the shape correction 1 the 
difference in centerline pressure between the free jet and the jet 
impinging on a flat plate is a significant factor. According to the 
concept of an impingement distance, the difference depends on the slope 
of the decay curve. The slope of the decay curve is obtained by 
differentiating Equation (21). The result is: 
(22) 
In incremental form the left side of Equation (22) is 
~(P/P11 )/f1(x/D). The incremental distance, f:i(x/D), under consideration 
here is the impingement distance, H/D. If the impingement distance is 
equal to one, the incremental ratio reduces to fj, (P/P11 ) = (P-PP )/P11 • 
With this specificationi Equation (22) gives an expression for a pres-
sure difference that can be compared to data. Figure 19 shows Equation 
(22) and the difference between free and impinging jet centerline total 
pressure data. The data also include some measurements on a 1.94 in" 
diameter nozzle. These data combine some current flat plate measure-
ments with the free jet data of Reid (16) on the same nozzle. Equation 
(22) and the data should agree only if the actual impingement distance 
(H/D) is equal to one as assumed. The data indicate that the impinge~ 
ment distance is less than one diameter. However, Figure 19 shows that 
the probe-plate difference does follow the general shape of the decay 
curve slope (Equation (22)). 
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Hypothesis on the Effect of Plate Curvature 
In the case of the impacting "jets" that occur in impact modula-
tors 1 the dividing streamsurface is generally not flat. It is neces-
sary 1 therefore, to consider the effects of plate curvature on the 
centerline decay. However, an extensive study of the influence of 
plate shape on the centerline decay is beyond the scope of this investi-
gation. For this reason, the centerline decay of a jet impinging on a 
curved surface is hypothesized. The hypothesis is: 
The centerline pressure distribution in a jet impinging on a 
concave surface decays at a lesser rate than a jet impinging 
on a convex surface. The formulation for centerline decay 
given in Equations (.16) and (.17) represents the decay measured 
on a curved surface if an effective decay factor, C 1 is used. e 
The basis for th.is hypothesis is the interpolation and extrapolation of 
the data from the free jet and the jet impingement on a flat plate. 
Figure 20 shows some hypothetical center.line decays for curved plates. 
When the plate curvature is convex, the centerline decay is between the 
free jet and flat plate impingement decays. When the curvature is con-
cave, the centerline pressures exceed those measured on a flat plate .. 
The impingement distance probably increases with the concave surface 
and decreases with the convex surface. 
Expression for Strearnsurface Centerline Position 
An expression for the streamsurface centerline position can now be 
obtained from Equation (.16) and the centerline pressure balance shown 
in Figure 21. The nozzle chamber pressure is equivalent to the emitter 
pressure (PA== P.). At the balance point the centerline pressure equals 
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the source pressure (P == P 3 ) and the downstream distance is the differ~ 
ence between nozzle spacing and centerline st.reamsurface posit.ion. 
Thus, Equation (16) changes to: 
[:l = C P,,a) 1 - 1 - P exp e i.c:(::(oJ) 2 ]-
exp [- i.c;(~(o)J 2J (23) 
Equation (23) represents implicitly the functional relation given in 
Equation (2). When there is no annular control the streamsurface 
centerline position can be expressed explicitly as: 
Z(O) 
D 
L 
D 
Expression for Shape Correction 
(24) 
Equation (6) presents the feedback correction in functional formo 
The expression derived here for that form, in effect, assumes that the 
feedback decay factor, C 1 , is the product of the centerline decay curve 
slope (Equation (22)) and the difference, Z(O) - Z(R). This difference 
is a measure of the streamsurface shape. When the streamsurface is 
flat (z(o) "'Z(R)) there is no correctiono When the streamsurface is 
concave (Z(R) > Z(O)) the correction decay factor is negativeo The 
assumed expression for the feedback decay factor is thus: 
(25) 
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where Ki is the constant that determines the amount of feedback. This 
constant has not been verified experimentally. To determine the feed-
back decay factor would require a detailed study of the jet flow field 
and measurements of the jet impinging on a variety of convex and con-
cave surfaces. This study treats Kf as a free constant and selects its 
value to produce the best agreement with experimental results. It is 
the only free constant used in the over-all model formulationo All 
other constants are determined experimentallyo 
Figure 22 shows Equation (25) with a specific plate decay factor 
and a typical value of the feedback constant, Kf. For a given nozzle 
spacing, the feedback decay factor is directly proportional to the 
difference, Z(O) - Z(R). When the nozzle spacing is small (<4D) or 
large (>lOD), the feedback decay factor is small~ The factor is most 
significant when the spacing is between 6 and 8 nozzle diameters. This 
corresponds to the region of maximum decay curve slope. 
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CHAPTER V 
FREE AND IMPINGING JETS WITH AUXILIARY FLOWS 
To model impacting amplifiers requires a knowledge of the influence 
of relatively small annular and transverse auxiliary flows (auxiliary to 
primary force ratio less than 0.2) on the primary jet characteristics. 
Equation (1) shows that the plate decay factor is a function of emitter 
pressure, annular control pressure, transverse control pressure and 
geometry8 However, this equation can be simplified because the con-
trols are not applied simultaneously. For example, a transverse impact 
modulator 9 operates at a constant emitter pressure and without an annu-
lar control. Similarly9 the emitter modulator has neither annular or 
transverse control. Thus 9 the functional form given in Equation (1) is 
separable into three distinct forms. Each form applies to a specific 
type of modulator. The forms are: 
[cj)l "" ' c., LPe 9 geometry] Emitter Modulation (26a) 
[ c.,J 
' 
Pee. 9 geometry] Annular Modulation (26b) = CPLP' 9 
a 
[ Cpl = Cp [P11 , P 0 t 1 geometry] Transverse Modulation (26c) 
Effects of Emitter Pressure on Jet Decay 
Figure 23 shows the effect of emitter pressure changes on the 
plate decay factor. For the particular nozzles used here (Figure 12) 
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the decay factor increases until the emitter pressure reaches about 25 
in. At higher emitter pressures the plate decay factor decreases 
slightly. The predominant mechanism in emitter modulation, however, is 
not the change in plate decay factor but rather the change in emitter 
jet momentum. In going from the beginning of flow modulation to cutoff, 
the emitter pressure changes by only a small amount (about 1.0 in. H
2
o). 
Thus, for practical purposes the plate decay factor for emitter modula-
tion [c~J, is essentially constant. 
Effects of Annular Control Pressure on Jet Decay 
Figure 24b shows the annular jet assembly used to determine the 
effects of annular control. It consists of an orifice plate, an auxil-
iary housing, a primary nozzle and a primary housing. The primary (or 
emitter) nozzle (D = 0.500 in. diameter) attaches rig.idly to the primary 
housing and slides freely within the auxiliary housing. The distance 
between primary nozzle exit and orifice plate (setback, S) is contin-
uously adjustable between O and 0.750 in. The orifice plate connects 
·, 
to the auxiliary housing. There are two interchangeable orifice plates 
(Da = 0.550 in. diameter or 0.600 in. diameter). 
Velocity profile measurements of the annular jet are made near the 
downstream face of the orifice plate (X/D = .125) with a, linearized 
DISA constant temperature hot wire anemometer. The shaft of the hot 
wire probe support is 0.120 in. in diameter. The probe is also 0.120 
in. in diameter. Two needle-like rods of less than O.OJO in. diameter 
support the wire which is 0.0002 in. in diameter and 0.060 in. in 
length. There is no evidence that the probe causes any blockage of 
jet flow. 
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Appendix B presents the data in tabular form. For clarity, Figure 
25 shows the test results with the discrete data points replaced by 
smooth curves through the data. The velocity profile without annular 
control pressure (Pea= O) has only one point of inflection. As the 
annular control pressure increases the velocity profiles exhibit two 
points of inflection. When Pea= 2 in. H2o, the points of inflection 
occur at r/D = .44 and r/D = .60. At Pea= 4 in. H2o, the inflection 
points move to r/D = .41 and .61. 
Figure 26 shows some turbulence intensity profiles at the same 
downstream location (X/D = .125) as the velocity profiles. Each point 
of inflection in the velocity profiles corresponds to a peak in the 
turbulence intensity profiles. Thus, when the annular control is zero, 
there is only one turbulence intensity peak. For the cases with annu-
lar control pressure, there are two turbulence intensity peaks. When 
the annular control pressure is 2 in. H2o (Pea/P0 = 0.286), the peaks 
are about equal in height. At an annular control pressure of 4 in. 
H20 (f' ea/P8 ,,,;:r,c,0.572), the outer peak is much higher. With further in= 
crease in the annular control pressure, the inner peak vanishes and the 
annular jet behaves as a single jet of diameter, Da. 
Figure 27 shows the turbulence intensity profiles at X/D = 2. At 
Pea= 2 in. H2o (where the two turbulence intensity peaks were about 
equal for X/D = .125), the resulting single peak is lower than the peaks 
of Pea= 0 and Pea= 4 in. H2o. In general, the turbulence intensity 
downstream decreases whenever the outer peak at the nozzle exit is less 
than or about equal to the inner peak. This reduction in the turbulence 
intensity peak results in a decrease in plate decay factor. 
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Centerline decay measurements, similar to those already described 
in Chapter IYi are made with annular auxiliary flow superimposed on the 
primary jet flow. At the beginning of one of these tests, the primary 
nozzle pressure is selected. Then the annular control pressure is 
varied in increments. In all cases the application of annular flow 
alters the loading on the primary nozzle and requires a readjustment of 
primary nozzle pressure. Figure 28 shows some typical centerline total 
pressure distributions for the annular nozzle as measured on a flat 
plate. With no annular control pressure (P0 a/Pe == 0) the decay factor, 
calculated from a least squares fit to Equation ( 16), is 0.071. The 
decay factor reduces to 0.062 when the annular-to-primary total pressure 
ratio (Pca/P 8 ) is 0.303. At this condition the annular flow is 
approximately one-third of the primary flow. 
Figure 29 shows additional test results obtained with annular 
flow. This figure gives a graphical representation of the relation 
between the calculated plate decay factors and the force ratio, 
Pea Aca /Pe Ae. In general, the decay factor decreases until the force 
ratio is about 0.08. This force ratio corresponds roughly to the con-
trol pressure required to make the turbulence intensity peaks (at the 
nozzle exit) about equal. An increase in force ratio above 0.08 causes 
an increase in plate decay factor. In the low force ratio range the 
largest decay factor changes occur when D6 = 0.550 in. and S = 0.125 in. 
At higher force ratios, larger changes occur when the setback is 0.250 
in. The effect of an increase in annular nozzle size is small in the 
low force range but a large difference in plate factor occurs in the 
high force ratio range. Deliberate lateral misalignments of the 
1.0 
Q..CI) 
......... 
. 9 
0..0. 
.. 
lJJ 
Q: 
.8 
::) 
Cl) 
en 
lJJ 
Q: 07 a. 
...J 
i=! 
.6 ~ 
w 
.5 z 
_J 
Q: 
w 
.... .4 
z 
w 
0 
D0 /D = 1.100 
S = 0 .. 125 in . 
Pe = 6.6 in. H20 
EQ. 16 
Cp= 0.062 
Pca /Pa =0.303 
EQ. 16 
Cp = 0.0 71 
Pca/Pe = 0 
5 6 7 8 9 10 
DOWNSTREAM DISTANCE, X/0 
Figure 28" The Effect of Annular Control on Centerline 
Pressure Distribution 
61 
a 
.--, 
c. 
,u. 
-a: g 
u 
~ 
>-
<t 
u 
w 
0 
w 
1-
<t 
.....J 
a.. 
. II 
00 , in . S, in. 
.10 (:) 0.550 0.125 
x 0.550 0.250 
v 0.600 0.125 
.09 
.08 
v x 
-07 --0 X 
. - v 
...._ (:) 
--
x 
0 X X 
....._ v 
...._(;) E) 
--
x 
G 
v 
x 
(!) 
x 
(:) 
x 
x 
9 
v 
-...._ --.~,--u~p]= 0.071 -0.163 ~a Aca/Pe Ae 
a 
.06 
·
05
0L-~.oi2~-_~04--~.0Ls----:----0~a~~.1Lo~-.i,2~-.~14L:-----:.1~s~-.~,a:--~.20 
ANNULAR FORCE 
Figure 290. 'nie Effect' of Annular Momentum on Plate Decay Factor 
orifice plate (as much as 0.1 Da) did not affect the overall 
characteristics of the centerline decay. 
Effects of Transverse Control Pressure on Jet Decay 
63 
The primary and auxiliary nozzles are perpendicular to each other 
in the transverse control experimental arrangement (Figure 24a). The 
primary nozzle is identical to that used in the experiments without 
auxiliary flow (Figure 12b). To supply the transverse flow, a control 
plennum is fabricated that accommodates either 0.250 in. or 0.500 in. 
diameter control nozzles. In all cases the primary and auxiliary 
nozzle centerlines are in the same horizontal plane. 
Figure JO shows the turbulence intensity measurements taken along 
the auxiliary nozzle axis and across the primary nozzle at X/D = .250. 
In this test the transverse control nozzle is 0.250 in. The horizontal 
scale on Figure JO is broken and expanded to show the details of the 
turbulence intensity peaks. Three different control pressure levels 
(P~t = O, 1, and 2 in. H
2
o) are represented. At all of these levels 
there is only one peak. However, the magnitude of the peak varies 
around the nozzle. The peak on the side nearer the application of ci;:in-
trol pressure signal increases in magnitude and moves towards the axis. 
The displacement is the result of penetration into the primary jet by 
the control jet. On the side opposite the control nozzle, the turbu-
lence intensity peaks remain essentially unchanged in both magnitude 
and position with the application of a control signal. 
Figure Jl shows the turbulence measurements made across the face of 
the transverse control nozzle close to its exit. The turbulence inten-
sity parameter in Figure Jl is based on the centerline velocity of the 
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primary flow. The reason for this representation is that the turbu-
lence fluctuations of the transverse control appear to augment those of 
the primary jet. For example, the peak turbulence intensity parameter, 
calculated for the transverse jet at Pct= 2 in. H2o, is 0.037. This 
amount is identical to the increase in turbulence intensity peak of the 
primary jet (Figure JO) for the same change in transverse control 
pressure. Similarly at Pct= l in. H2o, the control turbulence peak 
parameter is 0.021; whereas? the primary turbulence peaks differ by 0.020. 
More extensive measurements are needed to identify fully the effect of 
control jet turbulence intensity on the emitter jet turbulence 
intensity. 
Figures J2 and JJ show some additional turbulence intensity meas-
urements taken at X/D = 2 and X/D = ~. These figures show the gradual 
development of the turbulence intensity into the familiar symmetric 
pattern. The turbulence intensity peaks on each side of the centerline 
tend to equalize in magnitude and approach each other. 
Figure J~ shows profiles measured with a total pressure probe six 
nozzle diameters from the primary nozzle exit. There is no correction 
for turbulence intensity in the total pressure data presented. Even 
with the increase in turbulence intensity caused by the control jet, 
the correction is small (less than l per cent). In this case,the 
transverse control nozzle has an 0.500 in. diameter. With no trans-
verse flow (Pct/Pe= 0) the horizontal and vertical profiles are the 
same. Upon the application of a control signal (Pct/Pe = O.OJ5), the 
horizontal profile (Figure J~a) shows a decay of peak pressure, a small 
lateral displacement? and an apparent narrowing of the jet. A vertical 
profile taken at the horizontal position of maximum total pressure 
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shows a widening (Figure 3/,i,b). Thus, transverse flow produces asymmetry 
in the jet flow, but the axial momentum of the jet is conserved. The 
results of the axisymmetric jet deflection measurements are different 
than those on two-dimensional jets. In the two=dimensional jet, the 
peak of the deflected jet maintains the same magnitude as the 
undeflected jet (Appendix A). 
Figure 35 shows the corresponding turbulence intensity measure-
ments. The predominant effect of transverse flow is to increase the 
turbulence intensitY, and this in turn, increases the decay of the 
primary jet. Boyd and Barbin (17) have already shown that transverse 
flow above a certain threshold results in an earlier transition from 
laminar to turbulent jet flow. Another effect of transverse flow is to 
induce fully devei°oped turbulence closer to the primary nozzle. 
Figure 36 shows some typical 11peak 11 total pressure decay curves. 
The total pressures are not centerline values because of the deflection 
of the jet. Nevertheless, the form derived for centerline decay 
(Equation (21)) fits the experimental data and also provides a convenient 
measure of the influence of transverse control. 
Figures 37 and 38 show the relation between plate decay factor and 
transverse-to-primary force ratio for D = 0.500 in. and D a.: 0.125 in., 
respectively. For the 0,500 in. diameter emitter nozzle (Figure 37), 
the results indicate a larger increase in the plate decay factor with 
a 0.250 in. diameter control nozzle than with the 0.500 in. diameter 
control nozzle. The reason for the increased effect is that the 
smaller control jet contacts the primary jet in a more effective way. 
When the control nozzle and the emitter nozzle are the same size, some 
of the transverse control force passes above and below the emitter jet 
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and is, therefore, wasted. At the same force ratio, the smaller control 
nozzle causes a 50 per cent larger change in the decay factor than the 
larger control nozzle. For the 0.125 in. emitter nozzle (Figure 38) an 
equal size transverse control nozzle is more effective in changing the 
decay factor than either of the control nozzles on the larger unit. The 
reason for this may be that the control inserts on the larger unit are 
long enough to build up a boundary layer at the control nozzle exit. 
If the control jet turbulence intensity always increases the primary 
jet turbulence intensitY, then the longer control nozzle reduces the 
intensity of the control jet and, in turn, the primary jet. In general, 
then, the largest effects would seem to occur when the transverse 
control jet is small and turbulent. 
Expressions for Emitter Jet Modulation and 
Impinging Jet Flow 
From the foregoing, the expressions for the plate decay factor 
given in Equation (1) and modified in Equation (26) are: 
1. Emitter Modulation 
(27a) 
The magnitude of the constant depends on the emitter pressure, 
the nozzle size, and the nozzle shape. This const~t can be determined 
from centerline decay measurements on a flat plate and Equation (21). 
2. Annular Modulation (Low range) 
(27b) 
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where Ka is the constant associated with annular control. The present 
measurements (Figure 29) give its value as 0.163 in the low force ratio 
range. 
3. Transverse Modulation 
where Kt is the constant associated with transverse control. According 
to the measurements (Figure 37) on the 0.500 in. diameter primary 
nozzle, Kt is 0.332 when Da/D = 1.0 and is 0.494 when Da/D = 0.5. In 
the case of the 0.125 in. diameter nozzle (Figure 38), Kt is 0.660. 
Equations (27b) and (27c) present linear expressions for the 
relations between flat plate decay factor and force ratio. Figures 29 1 
37, and 38 indicate the fit of the linear forms to the data. 
CHAPTER VI 
STREAMSURFACE SHAPE AND SOURCE CHARACTERISTICS 
The dividing streamsurface acts as a connection between the 
internal flow processes. Thus, the conceptual model requires some 
detailed information on streamsurface characteristics. Since an 
analytical treatment of the streamsurface is,difficult, this 
investigation deals with the streamsurface experimentally. 
Figure 39 shows a schematic drawing of the experimental apparatus 
used to determine the streamsurface shape and source flow modulation. 
The nozzles are 0.500 in. in diameter. Tests are conducted by fixing 
the source pressure and measuring Z(O), Z(R), and Q8 for different 
emitter pressures. The centerline distance,, (Z(O)) is measured by tra-
versing a 0.031 in. O.D. static pressure probe along the nozzle axis 
and observing the position of the maximum pressure reading. The meas-
urement of the curtain distance (Z(R)). follows a similar procedure 
except that the probe is a 0.031 in O.D. total pressure probe. For the 
curtain distance measurement the probe traverse is parallel to the jet 
axis but displaced by a distance equal to the radius of the source 
nozzle. In both cases, the assumption is that the location of the maxi-
mum pressure reading corresponds to the streamsurface position. Near 
cutoff and when the streamsurface moves inside the source nozzle, the 
centerline static pressure traverse produces pressure readings that 
are too flat to give a clear indication of the centerline position. In 
77 
EMITTER 
------
i-=a--L ----t 
PRESSURE PROBE 
=>-- SOURCE 
~Z(R) 
FLOW METER 
OTAL PRESSURE PROBE 
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this case Z(O) for cutoff is calculated from Equation (21) with the flat 
plate pressure ratio (PP/Pn) equal to the cutoff pressure ratio (P8 /P8 ) 
and xp = L - Z(O). 
Results of Streamsurface Shape Experiments 
Figure 40 shows the results (see Appendix B for data) of the 
centerline and curtain position measurements for tests at five different 
nozzle spacings from 5 to 9 nozzle diameters. In the operating range, 
the curtain distance is always small and varies between O and about 0.2 
D. On the other hand, the centerline distance has values between -0.5 D 
and +0.6 D. The results show a slight dependency on nozzle spacing. 
At larger spacings, where the emitter jet has spread more, the curtain 
distances tend to be smaller. 
Figure 41 shows the construction of some approximate dividing 
streamsurfaces fro~ the centerline and curtain distance data of Figure 
40. At cutoff (Z(R) = O), the dividing streamsurface lies entirely 
within the source nozzle. The corresponding centerline distance is 
calculated at about Z(O) = -0.5 D. In this position the dividing 
streamsurface is concave. As the emitter pressure decreases and flow 
leaves the source nozzle, the dividing streamsurface flattens. The 
data indicates that the streamsurface is flat when Z(R) = Z(O) = 0.055 
D. This occurs relatively close to the source nozzle exit. If the 
emitter pressure decreases further, the curvature of the streamsurface 
reverses. At the beginping of modulation (Z(R) = 0.200 D and Z(O) = 
0.550 D), the streamsurface is convex. However, this investigation 
considers only a limited portion of the streamsurface (r < D/2). The 
entire streamsurface has a double curvature. 
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Expression for Streamsurface Shape 
Figure 4c2 shows the data presented in Figure 4D on a log-log scale. 
To avoid negative values, a factor of 0.5 Dis added to the centerline 
distance data. On the log-log representation, the experimental data 
fall approximately on a straight. line that has a slope of 2. This. 
suggests that a parabolic expression is appropriate for the 
streamsurface shape relation. The form of the relation becomes: 
Z(R) 
D ( 28) 
where K
6 
is a shape constant. The empirical expression developed in 
Equation (28) corresponds ,to the functional relationship formulated in 
Equation (3). 
Calculations from the data, by the method of least squares, give 
a value of 0.16 for the shape constant. This is the value of K
6 
used 
in Chapter VIII to compare the model with the experimental 
characteristics. 
Results of Source Flow Modulation Experiments 
A total pressure probe traverse in the axial direction (but dis-
placed from the axis) determines the curtain distance (Figure 39). 
Figure 4c3 shows the measured pressure distribution from some typical 
traverses (data in Appendix B) at a nozzle spacing of 6 diameters. 
The three traverses in Figure ~3 represent the beginning of modulation 
range, the mid-range, and the cutoff range. Near the beginning of flow 
modulation (Q
8
/Qm = Oo94c), the pressure at the nozzle exit is slightly 
less than atmospheric. The pressure builds up to a maximum at about 
Z(R) 
D 
.60 
.40 
.20 
.10 
. 08 
.06 
.04 
.02 
.01 
.I 
/ 
I 
I 
l/0 I 
(:) 5 9 
x 6 ) 
v 7 ~ Ir 
a 8 ~ rE y 9 ~I 
'v 
"' 
• 
.. 
, E 
_, Vn 
vJ'"' 
I 
) 
' I 
SLOPE= 2 
·-· ) 
I 
I 
I 
.2 .4 .s .a 1.0 2.0 
Z~O) + 0.5 
Figure 42. Streamsurface Positions on Log-Log Plot 
83 
0 5.0 
N 
:I: 
. 
c 4.0 
.. 
l1J 
0:: 3.0 :::> 
U) 
Cf) 
w 
0:: 20 a.. 
.....I 
<( 1.0 
.... 
0 
t-:-
--
--(j'-U-
.. 
/ 
., 
~  
L/D =6 
\ 
\ 
' \ \ NOZZLE 
\ EXIT 
\ 
\ 
' QL--~~""-~~-'--~~--s-~~--~~---~~---~~--~~--
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 
-- AXIAL DISTANCE , Z, mm. 
Figure 43. Total Pressure Distributions (r = R) 
85 
0.250 D (J.O mm). For mid-range (Q
11
/Qm::.: 0.73) the probe reaches a 
maximum pressure at 0.080 D (1.0 mm.) from the source nozzle exit. Near 
cutoff (Q
8
/Q m = 0.42) the maximum occurs at 0.054 D (0.6 mm.). Al though 
the pressure traverses are somewhat flat at the peak values, the 
positions of the maxima are clearly discernible. 
Each traverse provides one data point of Q
6
/Q,m vs. Z(R)/D. Figure 
1±1± shows the relation between the distance at the maximum pressure value 
and the source flow during the traverse. Figure 4:4 also shows the flow 
modulation properties of a flat plate. In all the tests, the stream-
surface obstruction allows more source flow than a flat plate at the 
same distance. The solid flat plate is not a good model for the 
dividing streamsurface because of the zero velocity condition at the 
surface of the plate. 
Expression for Source Flow Modulation 
The general shape of the data suggest an exponential relation 
between source .flow (Q6 /Qm) and curtain distance (Z(R)/D). To investi-
gate this pos.sibility 2 Figure 45 shows the data of Figure 4:4 on semi-
log paper. The parameter 1 (l·-Q 8 /Qm) 1 is the ordinate instead of Q8 /Q m 
because the data approaches Q
6
/Qm =l· The semi-log graph (Figure 45) 
is almost linear for values of l-Q8 /Qm above 0.1. Since values less 
than 0 .. 1 occur only in the region of amplifier saturation, the selection 
of an exponential form to represent the source flow relation is 
reasonable. The expression that corresponds to the functional relation 
of Equation (4) is: 
(29) 
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where Kq is a flow constant. A least squares fit of all the data yields 
a value of Kq = 12.3. However, the standard deviation from this value 
is large. When the data is restricted to values of 1 - Q8 /Qm greater 
than 0.1, 95 per cent of the data fall within Kq = 14.0 .!. 5.0. A value 
of Kq equal to 14.0 is used to compare the model and the experimental 
characteristics (Chapter VIII). However, the effect of variations in 
Kq (and the other constants) on modulator pressure gain are examined in 
Chapter VII. 
Energy Conversion 
In an actual (commercially available) impact modulator an annular 
output chamber (Figure 46a) surrounds the source nozzle. The chamber 
acts as a circular static pressure tap at the exit of the source nozzle. 
When the flow from the source is cutoff, the output pressure is equal to 
the source pressure. In the mid-range of flow modulation, the source 
pressure at the nozzle exit is in the form of dynamic and static 
pressure. The directional orientation of the output chamber and the 
vector properties of the flow permit the chamber to sense only the 
static pressure portion. At the beginning of flow modulation, the 
source flow has a maximum value and the pressure in the output chamber 
is less than atmospheric pressure. 
To describe the energy conversion accurately is complex for the 
actual output nozzle (Figure 46a). For the purposes of this investiga-
tion and for ease of fabrication, a simplified geometry is warranted. 
Figure 46b shows a convenient simplification and also a possible alter-
native to the actual geometry. The assumption of this geometry allows 
for static pressure measurements at the nozzle output. The assumption 
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Figure 46. Output Configurations 
is most acceptable when the source flow is less than half of its 
maximum value. 
Expression for Energy Conversion 
With the simulated output chamber shape (Figure ~6b) and the 
assumption of inviscid flow within the source nozzle, Bernoulli's 
equation is applicable and yields: 
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(30) 
Equation (30) corresponds to the functional relation given in 
Equation (5). Figure ~7 shows the relation between output pressure and 
source flow that is described in Equation (30). Figure ~7 also shows 
the characteristics of an ideal converging-diverging nozzle with 
Aca/A = 1.2. In this case the output pressure is the pressure at the 
nozzle throat. The ideal nozzle gives another approximation to the 
actual output chamber. The characteristics of the actual output 
chamber lie between the converging nozzle and the converging-diverging 
nozzle. 
P-S , 
( 1.0 psig) 
.8 
Pa .6 EQ.30 
-Ps 
.4 
.2 
0 ----------'"1---------
0 .2 .4 .8 1.0 
Figure 47. Schematic of the Relation Between Output 
Pressure and Source Flow 
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CHAPTER VII 
PRESSURE GAINS CALCULATED FROM MODEL 
The incremental pressure gain of a fluidic amplifier, Gp, is 
defined as: 
(Jl) 
where P 0 is the control pressure. This is P 9 , Pea' or P 0 t for emitter, 
annular or transverse modulation, respectively. Manipulation of the 
functional relations (Equations (1) - (6)) for the model leads to the 
formulation of the blocked load pressure gain for each type of impact 
modulator. When the modulator operates at a constant source pressure 
and with a fixed geometry, the general expression for the incremental 
pressure gain is: 
A' ~Z(O) 
~Pc + ~l + ::) (::)] 
(32) B 
where 
A' (
,dPo)(dQ9 )(dZ(R)) 
dQS dZ(R) dZ(O) 
and 
B ~ - (, - az(R>)( az<o>)( 0cr J] dZ(O) oCe o(Z(O) - Z(R)) 
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There'are eight derivatives and partial derivatives in Equation 
(32). These derivatives are expressible in terms of the modulator 
parameters through the application of the empirical expressions given 
in Equations (23), (25), and (27) - (30). The equations below, 
(Equations (33) through (4o)) present the derivatives in terms of the 
system parameters. 
1. From Equation (23) 
where 
and 
oZ(O)/D = 
oe, 
E l CL Z(O)) . h2 1 = - 2 D - -D- sin 2E' 
roz(o)/DJ::: 0 (transverse) 
Lol'c tfPe 
4C2 CL - Z(O)) 2 
e D D 
(emitter) 
oZ(O)/D = J (emitter and transverse) oC 
e 
( 33a) 
(33b) 
(33c) 
(34:b) 
where 
and 
2. From Equation (25) 
L Z(O) 
D --D-
J=----
Ce 
oCf K [Z(O) - Z(R~ 
..,...o..,.(Z--,-(0...,.)---Z-(,....R""'")...,...) = t Ci (L/D)~ ~:(L~D)2 - ~ exp 
o(Z(O) - Z(R)) 
J. From Equation (27) 
(emitter) 
K [n; -1 
a 2 
D 
(annular) 
(transverse) 
~. From Equation (28) 
dZ(R)/D _ [ Z(O) J 
dZ(O)/D - 2 Ks -D- + 0.5 
(35) 
(J6) 
(J?a) 
(J?b) 
(J?c) 
(J8) 
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5. From Equation (29) 
-· K (l. exp [- Kci Z( R) /D] (39) 
6. From Equation (JO) 
(4o) 
Emitter Modulator Pressure Gain 
In the case of emitter modulation, the annular and transverse con--
trol pressures are zero. The control pressure is the emitter pressure. 
Thus, from Equation (J2) the emitter modulator pressure gain is: 
( 4:1) 
The emitter modulator pressure gain given by Equation (4:1) is 
calculable for specific values of the parameters by means of the expres-
sions derived for the derivatives in Equations (.33) - (4o). Figures 
4:8 and 4:9 show some typical results. Figure 4:8 shows the relation 
(without feedback) between mid~range (P0 /P 8 = 0.5) pressure gain and 
nozzle spacing for various values of the plate decay factor. Figure 4:9 
shows the same relation with feedback. The constant Kf is chosen as 
0.08 because this value provides the best fit to the experimental data 
presented in Chapter VIII. In both cases the gain increases as the 
nozzle spacing decreases. This is a result of the contribution of the 
term o(Z(O)/D)/ o(Pe/P 8 ) given by Equation (JJb). Feedback acts to 
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increase the pressure gain, particularly at nozzle spacings between 6 
and 8 diameters. The plate decay factor exerts a considerable influence 
on the pressure gain. The gain increases as the plate decay factor 
decreases. A later section considers the sensitivity of the plate decay 
factor in greater detail. 
Annular Modulator Pressure Gain 
In annular modulation the emitter pressure is constant and there 
is no transverse control pressure. The annular modulator pressure gain 
derives from Equation (32) and is: 
B (42) 
The annular modulator pressure gain is calculated from the combina-
tion of Equation (42) and Equations (33) - (W). Figure 50 shows the 
relation between pressure gain and nozzle spacing for various values of 
annular to emitter nozzle size without feedback. Figure 51 shows the 
same relation with feedback. A nominal value of the plate decay factor, 
ell= 0.072, is used. For the case without feedback, the gain is almost 
independent of nozzle spacing. There is a very slight peak that occurs 
at a spacing of about 6 nozzle diameters. The reason for the relative" 
flatness is that the additive terms in the numerator of Equation (42) 
are of opposite sign at the lower spacings. The application of feedback 
causes pronounced peaks in pressure gain at about 7 nozzle diameters. 
As in the emitter modulator, the feedback effects are greatest f~r 
nozzle spacings between 6 and 8 nozzle diameters. The effect of 
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increasing the size of the annular nozzle, with or without feedback, 
is to increase the pressure gain. 
Transverse Modulator Pressure Gain 
In transverse modulation there is no annular control pressure, and 
the emitter pressure remains constant. The value of the emitter pres= 
sure is fixed so that modulation begins somewhere between the cutoff and 
beginning positions of emitter modulation. The adaptation of Equation 
(32) to transverse modulation results in: 
,[c:IZ(O) ( oCf ) ( 5--)J A dC l + oC dP 
e p ct 
B ( 43) 
The transverse modulator pressure gain is obtained in terms of the 
various parameters from Equations (33) to (40) and Equation (43). 
Figures 52 and 53 show some typical valuep of mid=range transverse 
pressure gain as a function of nozzle spacing and transverse control 
size. The transverse pressure gain is negative because A 1 is negative 
and dCp/dPct is positive. The effect of feedback is to increase the 
peak value in the vicinity of the maximum (about L = 7.0 D). As in 
annular modulation, the gain increases as the control nozzle size 
increases. However, if an equal size modulator acts as a load on the 
modulator under consideration, the pressure gain of units with 
D0 /D = 0.5 is larger than !hose with D0 /D = 1.0. 
In the consideration of pressure gain for the various types of 
modulation, only the mid-range values (P0 /P 6 = 0.5) have been presented. 
However, the gain of the modulators is not constant throughout the 
operating range. Figure 54 shows the effect of output pressure on 
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the transverse modulator pressure gain. The gain is zero at the 
extreme values of the output pressure ratio (P 0/P 6 = 0.0, 1.0). The 
zero gain value at P0 /P 6 = 0 is the result of a zero value of the term 
d(Q 8/Qm)/ d(Z(R)/D) (Equation (39)). At cutoff (P0 /P 8 = 1.0) the gain 
is zero because the term d(P0/P 5 )/ d(Q 5 /Qm) (Equation (40)) is zero. In 
the region of P 0 /P 6 from 0.2 to 0.8, the gain values are uniform enough 
so that input~output characteristics have the appearance of linearity. 
The maximum value of gain occurs slightly above midrange. The position 
of the maximum is a function of the nozzle spacing. When the spacing 
increases, the maximum gain value moves towards cutoff (P0 /P 8 = 1.0). 
Sensitivity of Parameters 
The pressure gain of the conceptual model depends upon the 
following eight parameters: 
1. Nozzle spacing, L/D 
2. Control size, Da/D or D0 /D 
J. Output pressure, P 0 /P 6 
4. Flow constant, Kq (Equation (29) 1 page 85) 
5. Feedback constant, Kr (Equation (25) 1 page 49) 
6. Shape constant, K8 (Equation (28), page 82) 
7. Plate decay factor, CP (Equation (21), page 39) 
8. Modulation constant 1 Ka or Kt (Equation (27) 1 page 75) 
The previous section showed the effect of the first three parameters. 
The emphasis here is on the last five parameters. 
To determine the sensitivity of a parameter, the parameter is 
varied about its expected value while the other parameters are fixed. 
The sensitivity of a particular parameter is defined as the ratio of 
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the percentage change in pressure gain to the percentage change in the 
parameter. That is: 
(4A) 
where f<"x ~ represents the parameter. Figures 55, 56, 57, and 58 show 
the relation between pressure gains and the parameters,~~, Kf, K6 and 
CP. The solid dots on each figure indicate the nominal value of the 
parameter when it is not the independent variable. Equation (44) and 
Figures 55, 56, 57, and 58 are used to calculate the sensitivities 
shown in Table I. 
TABLE I 
PARAMETER SENSITIVITY 
Modulator 
Parameter Emitter Annular Transverse 
Flow constant j Kq, 0.82 0.79 0.96 
Feedback constant, Kf 1.31 1.20 1.41 
Shape constantj Ka 0.1±7 o.43 0.58 
Plate decay factor, cp 2.86 2.19 2.47 
Modulation constant, Ka or Kt 0.80 1.00 
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Table I shows that the plate decay factor is the most sensitive 
parameter. It has about twice the sensitivity of the next most sensi-
tive parameter, the feedback constant. The least sensitive parameter is 
the shape constant. This is fortunate since the shape constant is 
difficult to measure. In general, the sensitivity of the parameters is 
greatest for transverse modulation and smallest for annular modulation. 
The modulation constant, Ka or Kt, has about the same sensitivity as 
the flow constant, Kq. 
The relation between the five parameters and the pressure gain is 
always single valued. This is in contrast to the effects of the nozzle 
spacing and output range parameters which tend to produce peaks in the 
value of pressure gain. 
CHAPTER VIII 
CHARACTERISTICS OF IMPACT MODULATORS 
The input-output characteristics of impact modulators are calcu-
lated from Equations (23), (25), and (27) through (30). In the case of 
annular and transverse modulation the calculation requires an iterative 
procedu~e to account for the changes in the plate decay factor that 
occur during modulation. To determine the adequacy of the conceptual 
model, the calculated characteristics are compared with the character-
istics measured on experimental modulatorso The comparison is between 
the input-output characteristics rather than the pressure gains because 
the experimental results apply directly, without differentiation of the 
data. In addition, the gain variations with output pressure, the 
linearity, and the saturation characteristics of the modulator are more 
clearly evident from plots of the input-output characteristicsa 
For convenience the nominal values of plate decay factor used to 
determine the experimental characteristics are repeated below: 
[cP ]11 0.066 (0.500 in. diameter) 
[cP J., 0.073 (0.125 in. diameter) 
[cp Ju 0.071 
[cp ] 11 t 0.066 
Slight variations from these values result from the effect of emitter 
pressure on the plate decay factor (see Figure 23). 
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Direct Emitter Modulator Characteristics 
The experimental input-output characteristics are presented for two 
idealized modulatorso One modulator has Oa500 ino diameter nozzles and 
the other has 0~125 in. diameter nozzleso Figure 59 shows a schematic 
of the experimental arrangement. Figure 12 shows the actual emitter 
nozzle for each experimental modulator. The source nozzle has the same 
size and shape as the emitter nozzle but the face of the source nozzle 
also has a flat of about six nozzle diameters" The flow from the 
source (Q 8 ) is measured with a rotameter and the emitter and source 
pressures are measured on inclined manometers or bourdon gages depending 
on the pressure level. The output pressure is calculated from the flow 
measurements and Equation (JO)" 
At the beginning of a test, a source pressure is selected and set 
while the emitter jet is inactive" The flow measured under this condi-
tion determines the maximum flow (Qm)a Then, the application of a 
specific emitter pressure increases the source pressureo After a re-
adjustment of the source pressure to its selected value, the resulting 
source flow is recorded. The test procedure consists of incrementing 
the emitter pressure and readjusting the source pressureo Figures 60 
and 61 show data taken with the Oa500 ino diameter and Oa125 in. 
diameter modulators, respectivelyo Figure 60 shows the empirical and 
experimental input-output characteristics for nozzle spacings of six 
and eight diameters. For the 0.500 in. diameter modulator a feedback 
constant of Oa08 provides the best fit to the experimental results. 
The data for the 0.125 ino modulator and the model (Figure 61) are in 
best agreement when there is no feedback (Kf = O). In this latter case 
r 
6D 
. t 
Figure 59. Emitter Modulator Test Arrangement 
a.en 
' a_o 
... 
w 
0:: 
::::) 
en (/) 
w 
0:: 
a.. 
I-
=> 
a. 
I-
::> 
0 
1.0 
.8 
.6 
.4 
.2 
L/D =6, Cp=0.065 
MOD EL:-----
K = O I -MODEL 
f 
1
1 Kt· 08 
I 
/ 
/ 
I 
I 
I 
I 
/ 
L /D = 8, Cp =0.065 
MODEL: I I v 
K=O I v 
f I v 
/ 
/ 
/ 
/ 
/ 
I v 
I v 
MODEL 
Kt.OB 
v 
o--~--~~-'--~--'-~~---r,~~~,~-v--J,'--~-'---~_._~---J""--~ ............ '
1.10 1.15 1.20 1.25 1.30 1.50 1.55 1.60 1.65 1.70 1.75 
EMITTER PRESSURE, Pe/Ps 
Figure 60. Direct Emitter Modulator Characteristics (0.500 in. unit) 
I-
I-
\.; 
L/D 5 6 7 8 9 
a.Cl) 
' a_O 1.0 
... 
w 
.8 a::: 
::> Q 
1:1 y 
en Q 
en MODEL 
u.J .• 6 0 Kt=O 0::: 
a.. 8 Ks=0.16 x 
t- .4 Kq=l4.0 
::::) a 
a.. 
t-
::::) 
.2 y 
0 yY, y • 
y Cp= 0. 073 y 
0 
1.0 l.2 1.4 1.6 1 .. 8 2.0 2.2 2.4 2.6 
EMITTER PRESSURE, Pe /f; 
Figure 61. Direct Emitter Modulator Characteristics (0.125 in. unit) 
~ 
~ 
a 
117 
the agreement with the model is good between six and nine nozzle 
diameters but not as good at five nozzle diameterso The discussion at 
the end of this chapter considers some possible reasons for the dis-
crepancy between the characteristics of the different size units. 
Direct Annular Modulator Characteristics 
The experimental annular modulator characteristics are measured on 
a modulator that has the annular assembly shown in Figure 24b as the 
emitter side and the source nozzle (0.500 ino diameter, Figure 59) as 
the source sideo The experimental procedure is similar to that of 
emitter modulation. First, a source pressure is selectedo Then the 
emitter pressure is increased until the balance is close to the begin-
ning of modulation position. Since there is not a clear definition of 
the beginning modulation, the emitter pressure acts as a biaso Now the 
application of annular control causes the source pressure to increase. 
Measurement of the source flow follows the readjustment of source 
pressure. Figures 62, 6J, and 64 present a comparison between experi-
mental results and the conceptual model for nozzle spacings of six, 
eight and ten diameters, respectively. In this case there is no further 
determination of the feedback constant. The value of the constant 
(Kr= Oo08) is the same one used in the emitter modulation tests on the 
0.500 in. diameter model. To bring the model and test data into cor-
respondence, the initial bias used in the model should be the same bias 
used in the experiments. However, at the beginning of flow modulation 
(refer to Figure 44 at Q6/Qm > 0.9) Equation (29) with Kq = 14.0 
deviates most from the experimental results. Thus when the magnitude 
of experimental bias is applied to the model the characteristics derived 
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for the model are displaced from the experimental characteristics. To 
overcome this difficulty the input-output characteristics of the model 
are calculated with the experimental bias (Q 8/Qm = 0.99) but the 
resulting model characteristics are shifted to correspond with the 
experimental characteristicso This shift has no effect on the shape 
of input-output characteristics calculated for the modelo 
At the nozzle spacing of six diameters (Figure 62) the model and 
the data are in good agreement" There is, however, a slight discrepancy 
in the vicinity of midrangeo For the case of an eight diameter nozzle 
spacing (Figure 63) the predicted slope of the characteristics is higher 
than the data below midrangeo The correspondence improves at output 
pressure ratios (Po/P8 ) between 0.6 and 0.8. Figure 64 shows the 
results at a nozzle spacing of ten diameters with annular control ratios 
(Da/D) of 1.1 and 1.2. In general, the experiments confirm the pre-
diction of higher gain for the larger control sizeo The detailed agree-
ment between model and experiment at DafD = 1a2, however, is only fair. 
A continued increase in annular control after the modulator reaches 
cutoff causes the modulation constant (Ka) to change sign (Figure 29)o 
The output pressure then decreases as the control increases. This 
extended region is not shown on Figures 62, 63, and 640 
Transverse Modulator Characteristics 
In the experimental transverse modulator, the nozzles shown in 
Figure 12a serve as the emitter and transverse controlo The source 
side arrangement is the same one as in the emitter and annular experi-
mental modulator tests (Figure 59). For the transverse modulator 
experiments an emitter bias pressure brings the balance near the cutoff 
positiono Then with the emitter pressure held constant, transverse 
control is applied. This has the effect of lowering source pressure. 
When the adjusted source pressure reaches its preselected value the 
flow from the source is measured. In this configuration also, the 
emitter acts to bias the modulator and to shift the conceptual model 
characteristics with respect to the experimental characteristicso 
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Figure 65 shows the results of the transverse modulation at nozzle 
spacings of four and six nozzle diameters for a control ratio (D 0 /D) 
equal to Oo5• The model and experiment are within 15 per cent when the 
nozzle spacing is six diameters" However, the experimental modulator 
has bout twice the gain predicted by the model at a spacing of four 
nozzle diameters. In general, L/D 4 is not a satisfactory operating 
condition because of instabilities in the balance position. 
Discussion of Experimental Results 
The experiments described in the previous sections of this chapter 
are difficult to performo Part of the difficulty stems from poor 
regulation of the chamber pressureso This is especially critical in 
the 0.500 ino diameter modulators which operate with large flow rates 
at low pressures. In the annular and transverse modulators the results 
depend on the constancy of emitter pressure. A slight change causes 
distortion of the input-output characteristicso An appreciable change 
in the emitter pressure makes the experimental results meaninglesso 
During the experiments the emitter pressure requires continual 
adjustment to maintain its value. Yet it often changes again before 
the completion of the source pressure readjustmento This problem 
becomes most acute during tests at nozzle spacings of four and five 
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nozzle diameterse In these cases 1 small changes in emitter conditions 
result in large output pressure changes w1thout any annular or trans-
verse control applicatione 
Another serious difficulty is the high amplitude of random pressure 
fluctuations produced in the source chamber. These fluctuations are 
related directly to the turbulence in the emitter jets. To obtain a 
better indication of source pressure, RC type filters built with passive 
fluid components~ were placed between the output chamber and the mano-
meter. The filters reduce the noise in the pressure reading but create 
another problem. They increase the response time of the measuring 
circuit beyond the time that the emitter pressure remains without drift. 
Eventually a compromise is adopted and an intermediate amount of 
filtering is used. 
The emitter modulator test results show a significant difference 
between the 0.125 in. unit and the 08500 in. unit. The emitter pressure 
gain of the larger unit is about three times that of the smaller unit. 
Although the measured plate decay factor of the 0.125 in. nozzle is 
0.071 and that of the 0.500 in. nozzle is 0.066 1 this difference is not 
large enough to account for the observed effect. According to the 
model 1 the difference in plate decay factors for the two sizes should 
produce only a 50 per cent increase in the pressure gain rather than 
the JOO per cent observed. 
To determine the reason for the pressure gain discrepancy, the 
supply chamber of the smaller nozzle (Figure 12a) is modified. The 
modification consists of extending the chamber by three inches and 
introducing the flow through a 0.125 in. tube (at the end of the 
extension) parallel to the nozzle axis. The measured plate decay factor 
125 
on the modified 00125 ino nozzle is Oo059o Emitter modulation tests are 
performed with the modified nozzle as the emittero These tests pro-
duce pressure gains that are about two and a half times the gains 
measured with the unmodified nozzle. The model (without feedback) 
predicts a doubling of the gain (Figure 48) when the plate decay factors 
are changed from 0.059 to Oo071o This is reasonably close to the exper-
imental results on the 0.125 ino modulator. According to the model the 
gain of the modified unit should have exceeded that of the larger unit 
because of a smaller decay factor (0.059 to 0.066). The fact that the 
larger unit still has higher gain leads to the conclusion that there is 
something else besides the plate decay factor that is different about 
the 00125 ino and 0.500 in. nozzles. To account for the difference, 
the nozzles were tested at the same Reynold's number and then at the 
same exit velocity. The results, however, remain substantially 
unchangedo 
Since the 0.125 in. diameter nozzle is too small to permit stream-
surface flow modulation measurements and because the constants associ-
ated with these measurements (shape and flow constants) are low in gain 
sensitivity, a real (rather than assumed) difference between the feed-
back constants may e.xplain the difference in the pressure gains of the 
two units. The feedback constant depends upon the centerline pressure 
stagnated on a streamsurface of varying shape. The difference between 
probe and flat 'plate measurements acts as an indication of the effects 
of streamsurface shape. Figure 19 shows probe-plate pressure differ-
ences on both size nozzles. The smaller nozzle presents some experi-
mental difficult.yo Originally a 00031 in. total pressure probe was 
used to measure the centerline total pressure in the 00125 in. free jet. 
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However, the probe cross-sectional area seemed large enough to stagnate 
an appreciable portion of jet fluid. As a result the measured pressures 
would be too higho To correct for this possibility the Oa012 in. ODo 
probe was used for the free jet measurements on the 00125 ina nozzle. 
However, the time constant of the smaller probe was about five minutes. 
Thus, it was very difficult to determine the maximum pressure point of 
the jet profile with this probeo The probe was finally moved along the 
geometric centerline and this was assumed to coincide with the jet axis. 
Therefore, the smaller probe may produce readings that are too low. 
Then the differences shown in Figure 19 would be too higho Thus the 
possibility exists that the feedback constant is really smaller in the 
0.125 ina modulator than in the Oa500 in. modulator. In Figure 61 the 
feedback is actually eliminated when the data comes into agreement with 
the model. At present, it is not known whether this conjecture is 
correcto 
The characteristics presented here are for blocked load (Assumption 
No. 11). When the output supplies flow to another component, the output 
static pressure decreases but the output total pressure probably does 
not change appreciably. The loading of the output and a non-zero source 
impedance may combine to change the streamsurface position within the 
modulatoro Thus the output pressure-flow characteristics will have a 
distinctive shape dependent upon the 'source impedance a 
CHAPTER IX 
SUMMARY AND CONCLUSIONS 
The purposes of this investigation were: 
1.. To identify the basic fluid flow processes in impact 
modulators., 
2o To indicate the important modulator parameters and their 
effect on performanceo 
J. ·· To develop a generalized static model of the modulators. 
The investigation began with the separation of the impact modu-
lator into four distinct flow processes. The processes were: 
1. Emitter jet modulationo 
2o Submerged jet impingement. 
J. Source flow modulationo 
4. Energy conversion. 
The turbulence intensity characteristics of the modulated emitter 
jet connected process noe 1 to process no. 2. Source flow connected 
process noo 3 to process no. 4. The interior processes (noso 2 and 3) 
associated with each other through the position and shape of a hypo-
thetical barrier, desi~nated as the "dividing streamsurface .. 11 
Functional forms were assigned to the processes and to the position 
and shape of the dividing streamsurfaceo Then, empirical expressions 
replaced the functional forms. These expressions,used simultaneously, 
determined the characteristics of impact modulators. 
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An analytical formulation, continuous in both transition and fully 
developed regions, was presented for the axisymmetric turbulent jet with 
any arbitrary initial velocity profileo The formulation required the 
determination of a single experimental constant, called "the decay 
factor." Experimental data agreed well with the analytical formulation. 
Annular and transverse auxiliary flows superimposed on a primary 
jet flow and jet impingement on a flat plate were also considered. In 
these cases the analytical form derived for the free jet was applied 
with a modified decay factor. 
The introduction of annular control flow altered the turbulence 
intensity profileso The profiles at the exit of the annular nozzle, 
contained two rings of large intensity (referred to as peaks). The 
relative size of the peaks influenced the magnitude of the decay factoro 
For annular flows less than one-third of the primary flow, the inner 
peak exceeded the outer peak and the decay factor decreased. At higher 
annular flows the outer peak exceeded the inner peako In this range the 
decay factor increased as the annular flow increased. 
The application of transverse control flow increased the turbulence 
intensity of the single peak (at the nozzle exit) closer to the control. 
On the opposite side the turbulence intensity peak remained unchanged. 
As the turbulence developed, the peaks tended to equalize at a higher 
level than existed without transverse control. Thus the application of 
transverse control resulted in an increase in decay factoro At low force 
ratios (auxiliary to primary force less than 0.08) the change in decay 
factor for a given change in force ratio was three times larger with 
transverse flow than with annular flow. However, at higher force ratios 
the influence of transverse and annular flow was about equal. 
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When the jet impinged on a flat plate the decay factor, calculated 
from pressure measurements on the plate, was reduced. This observation 
suggested an hypothesis that linked the decay factor to the shape of the 
impingement surfaceo Concave shapes were assumed to yield smaller decay 
factors than convex shapes. 
The centerline balance position of the dividing streamsurface was 
calculated from the decay factors for an impinging jet, with and without 
control flowso Another streamsurface position, the curtain position, 
was measured along a line parallel to the jet axis but displaced a 
distance of one nozzle radiuso In this investigation only the center-
line and curtain positions represented the position and shape of the 
dividing streamsurface. The shape was a function of the effective decay 
factor but the effective decay factor depended on the shape. Thus a 
feedback circuit was required in the model to describe the connection 
provided by the dividing streamsurfaceo 
The input-output characteristics and the pressure gains of impact 
modulators depended upon the following eight parameters: 
1a Nozzle spacing. In emitter modulation the pressure gain 
increased when the nozzle spacing decreased., The pressure 
gain of transverse and annular modulators maximized at a 
nozzle spacing of from six to eight nozzle diameters. 
2o Control size. The blocked load pressure gain increased as 
control size increasedo However the pressure gain for 
cascaded transverse modulators was larger at D0 /D = Oo5 
than at D0 /D = 1o0o 
Jo Output pressureo The pressure gains maximized slightly 
above midrangeo However since a small change in slope was 
difficult to detect, the characteristics appeared linear 
from an output pressure ratio (P 0 /P 8 ) of 0.2 to 0.8. 
4. Plate decay fac.toro The plate decay factor was the most 
critical parameter in the determination of impact modulator 
pressure gain. The gain increased when the decay factor 
decreased. The value of the decay factor depended on the 
geometry of the emitter chamber and nozzle. In general the 
decay factor decreased when the chamber and nozzle were 
designed to lower turbulence intensity. 
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5. Shape constant. The shape constant was associated with the 
relation between centerline and curtain position and was the 
least sensitive parameter. No attempts were made to change 
the shape constant in the experimental apparatus. However, 
if the emitter and source nozzles were unequal in diameter 
or were non-aligned, the constant might be changed. 
6. Flow constant. The characteristics were more sensitive to the 
flow constant than to the shape constant. However, the flow 
constant had only one-third the sensitivity of the decay 
factor" The flow constant related the nozzle flow to the 
curtain distance and was analagous to a discharge coefficient. 
Although the flow constant was not changed in this investi-
gation, the geometric changes suggested for the shape constant 
or enlargement of the source nozzle face would affect it. 
7. Feedback constant. The feedback constant was also a sensitive 
parameter. It provided a correction to the plate decay factor 
to account for the changing shape of the impingement surface. 
In this investigation the magnitude of the constant was 
assumed at a value sufficient to bring the model and experi-
mental data into correspondence. Since experiments on emitter 
modulators with 0.125 ino diameter nozzles had only one-third 
of the pressure gain of similar experiments on 0.500 in. 
diameter nozzles, the feedback constant might depend on nozzle 
8. Modulation constant. The modulation constant represented the 
effect of control flow on the emitter jeta To increase gain 
or fan-out for transverse modulators the control should be 
designated to generate as much turbulence intensity as 
possible. In annular modulation the constant changed sign 
at high control pressures. Thus positive or negative gains 
were possible in annular modulation. 
A conceptual model for both direct and transverse impact modulators 
has been presented. The agreement obtained between the model and the 
measured characteristics was generally good considering the complexity 
of the processes involved. Since the experiments were perfonned on only 
two idealized impact modulators it was difficult to assess the adequacy 
of the model. An error or misconception in one of the processes could 
conceal a compensating error in another process. The problem was 
further complicated because the feedback process 1 which had such a large 
effect on the results, was the one about which the least was known. 
Several interesting observations follow from this investigation. 
First, the impact position is located very close to the source nozzle. 
Thus the modulators are operated with one jet and one obstructed flow 
rather than with two impacting jets. Studies on impacting jets, there-
fore, are unlikely to be useful in describing impact modulators. In 
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addition, impact modulators are a type of 11 turbulence amplifiero 11 They 
do not depend on the transition from laminar to turbulent flow but 
operate instead by changing the turbulence intensity characteristics of 
a jet. For this reason the output of an impact modulator may respond 
to appropriate acoustic signals at the input. 
Recommendations for Further Study 
1. Streamsurface Shape Measurementso In this investigation the 
measurement of centerline and curtain distances were made by 
traversing a pressure probe between the source nozzle and an 
emitter nozzle with a plate decay factor, Cp, of 0.066. 
Additional streamsurface measurements to obtain the stream-
surface shape for emitter nozzles with different plate decay 
factors would be valuable. 
2. Loading Effects. This investigation considered only blocked 
Joadso The model should be e~tended to account for the effects 
of loading. 
J. Decay Factor Studies. The parameter with the highest gain 
sensitivity was the plate decay factor. The model developed 
here indicated that pressure gain and, therefore, fanout can 
be increased by reducing the value of the plate decay factor. 
Studies to determine the emitter nozzle and chamber shapes 
required to decrease decay factor could lead to improved 
modulator performance. 
~. Jet Impingement on Curved Surface. The model presented here 
required an hypothesis of the effects of streamsurface shape 
on the decay of the impinging jet. An additional investigation 
is necessary to test the hypothesis on curved surfaces that 
are representative of dividing streamsurface shapes. 
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APPENDIX A 
ANGULAR DISPLACEMENT OF EMITTER NOZZLE 
When a "two-dimensional" jet between plates (confined jet) is 
deflected by a perpendicular control jet, Douglas and Neve (18), and 
Render (19) show that the velocity profiles are displaced without an 
appreciable change in peak velocity (Figure 66a)a This pattern con-
tinues until the ratio of control jet to primary jet pressure reaches 
O.JO. For the two dimensional jet, the effect of jet deflection is 
approximately the same as the effect of a mechanical angular displace-
ment of the jet nozzlea However, when an axisymmetric jet 1 is deflected 
by another axisymmetric jet, Kirshner (20) recognizes that the result 
is an increase in jet spread as well as a displacement of the profile 
(Figure 66b) .. This effect was shown experimentally in the test results 
of Figure J~. For axisymmetric jets, then, the results of jet deflec-
tion and mechanical angular displacement are not the same. 
To isolate the effect of axisymmetric jet deflection without a 
change in peak velocity, some experiments are performed with mechanical 
angular displacements of the nozzle. A schematic drawing of the test 
set-up for these experiments is shown in Figure 67. Two test arrange-
ments are used. In one, Figure 67a, the axes of the emitter and source 
nozzles are initially parallel but may be offset. In the other, 
Figure 67b, the axes are initially oblique. The oblique angle is 
designated as ~a At the beginning of a test with either parallel or 
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ADDING CONTROL._... 
NO CONTROL 
a) TWO DIMENSIONAL 
NO CONTROL 
b) AX!SYMMETRrc 
Figure 66. Velocity Profiles for Two Dimensional and 
Axisymmetric Jets Subject to Transverse 
Control 
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Figure 67. Test Arrangements for Angular Displacement 
Experiments 
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oblique nozzles the angular displacement, cp is zeroo The emitter 
pressure is adjusted until the source flow is cutoff for a preselected 
source pressure" Then the tests are performed by rotating the emitter 
nozzle in small angular increments about its initial positiono At each 
increment, the emitter and source pressure are readjusted to their 
original values and the source flow is measured. An equivalent output 
pressure is calculated from the source flow by using Equation (JO)o 
Figure 68 shows the relation between output pressure ratio and 
displacement angle, cp, for various values of nozzle spacing. When the 
spacing is five nozzle diameters, an angular displacement of three 
degrees is required to lower the output pressure ratio to 0.99. As the 
spacing increases the output pressure begins to decrease at smaller 
angular displacement.so In addition the slope of the characteristics 
at midrange increases as the spacing increases. The output in all 
cases, however, is relative insensitive to the angular displacement. 
For example, a displacement angle of about 11 degrees reduces the output 
pressure ratio to Oo1o However, the jet deflection angle for a trans-
verse modulator is only about two degrees when the output pressure ratio 
is 0.1. 
The characteristics shown in Figure 68 shift if the source and 
emitter axes are offset. .Figu·re 69 shows the displacement character-
istics at a nozzle spacing of five diameters with and without offset. 
An offset of OoJ15 D shifts the characteristic by about three degrees 
but has no effect on the characteristic shape" Additional pressure 
gain is attainable when angular displacement is used in conjunction 
with offset axeso However, the contribution of jet displacement would 
still be rather small" 
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Figure 68. Angular Displacement Characteristics for Various Spacings 
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Figure 69. The Effect of Offset on the Angular Displacement Characteristics 
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The displacement characteristics of oblique jets are shown in 
Figure 70. For oblique angles greater than about 15 degrees the charac-
teristics are stablea The slope of the characteristics maximizes at 
about 15 degrees and has twice the slope of the parallel jets(~= O)o 
Therefore, transverse modulators with oblique and offset (emitter and 
source) jetsi would have about ten per cent higher pressure gainso At 
oblique angles less than 15 degrees some bistable effects are producedo 
These bistabilities are explained with the aide of Figure 710 Figure 71a 
indicates the rotation of initially aligned jetso The dividing stream-
surface distorts with an increase in angular displacemento The stream-
surface blocks fluid from one side of the nozzle and allows flow from 
the other side. When the oblique angle is greater than 15 degrees or 
thereabouts (Figure 71b) the angular displacement causes the dividing 
streamsurface to pass flow all around the source nozzleo This is the 
reason for the increased slope shown in Figure 70 for the oblique caseso 
Where the initial oblique angle is between O and 15 degreesi the 
characteristic curve follows the aligned characteristic and then 
suddenly changes to the oblique characteristico In this case the 
streamsurface changes from the mode shown in Figure 71a to that shown 
in Figure 71b,, 
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Figure 70. The Effect of Oblique Axes on the Annular Displacement Characteristics 
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Figure 71. Modes of Source Flow Discharge 
APPENDIX B 
DATA 
The data presented in this investigation are given in Tables II 
through XXIV. 
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TABLE II 
FREE JET CENTERLINE TOTAL PRESSURE DISTRIBUTION 
0.125 in. Diameter 0.500 in. Diameter 
X/D P, in. H20 P/Pn P, in. H2o P/Pn 
0 10.08 1.000 7.48 1.000 
4 9o 15 .907 7.05 .943 
5 7.89 • 783 6.40 .856 
6 6.62 .. 656 5.50 • 735 
7 5.45 .540 4.58 .612 
8 4.50 .446 3.82 .511 
9 3.70 .367 3.10 .415 
10 3. 10 .307 2.63 .352 
Source: Figure 13. 
TABLE III 
FREE JET VELOCITY PROFILES 
X/D = 2 X/D= 6 X/D= 10 
r/D P, in. H20 u/Uo P, in .. H20 u/Uo P, in. H2o u/Uo 
0 7.49 1 .. 000 5.50 .858 2.60 .588 
0.1 7.,50 1.000 5.15 .826 2.51 .575 
0.2 7 .. 44 .995 4.54 .. 787 2.JJ .557 
o .. J 7.04 .. 967 3.,77 • 710 2.11 .530 
o.4 5.59 .862 2.97 .628 1.84 .478 
0.5 J.20 .653 2.26 .549 1.57 s458 
o .. 6 1.J 1 .418 1.64 .467 1 .. 32 .419 
0.7 O .. J8 a226 1.15 .391 1.09 .J80 
o.8 0.04 .077 0.77 .J21 0 .. 89 .. J45 
0.9 o.oo .ooo 0.50 .. 247 o. 71 .JOB 
1.0 o .. oo .ooo O.JO .200 0.55 .270 
1.1 o.oo .ooo 0.16 .145 o .. 4J .238 
1.2 o .. oo .ooo 0.09 .. 110 O.J2 .205 
1.J o.oo .000 o.oo .ooo 0.23 .173 
1.4 o.oo .ooo o.oo .ooo 0.16 .145 
Source: Figure 14. 
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TABLE IV 
CENTERLINE TOTAL PRESSURE DISTRIBUTION ON FLAT PLATE 
0.125 in. Diameter. 0.500 in. Diameter 
X/D Pp, in. H2o Pp/Pn Pp, in. H20 Pp/Pn 
0 20.00 L,000 7.48 1.000 
4 18.65 .933 7.26 .970 
5 17.25 .863 6.84 .914 
6 15.22 .,761 6.10 .816 
7 12.98 .649 5.24 .700 
8 10.83 .542 4 .. 39 .587 
9 9.08 .454 3.64 .487 
10 7.68 .384 3.01 .402 
Source: Figures 17 and 18. 
TABLE V 
THE EFFECT OF EMITTER PRESSURE ON PLATE DECAY FACTOR 
0.125 in. Diameter 0.500 in. Diameter 
p in. 
!I 
H20 psig in. H20 psig 
X/D ~ 10 20 l 2 ~ 10 20 l 
0 ~-10 10.13 20.00 1.00 1.98 ~-09 10.06 20.50 1.00 
~ 3.92 9.50 18.65 .9~ 1.88 3.98 9.80 19.55 .98 
5 3.63 8.80 17. 25 .8~ l. 76 3.75 9.16 18.26 .93 
6 3.18 7-7~ 15.22 -7~ 1.55 3.38 8.15 16.20 .82 
7 2.69 6.63 12.98 .61 1.29 2.96 7.02 13.95 .68 
8 2.28 5.58 10.83 .52 1.09 2.50 5.98 11. 75 .57 
9 1.93 ~.69 9.08 -~3 .90 2.15 ~-95 9.79 .1±6 
10 1.62 3.97 7.68 .36 • 75 1.85 ~-25 8.25 • 4-0 
cP .0696 .070~ .0712 .0738 .0706 .06~1 .066~ .0685 .0681 
Source: Figure 23. 
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TABIE VI 
HOT WIRE MEASUREMENTS ON ANNULAR NOZZLE 
X/D = 0.125 
pc a = 0 pea = 2 in. H20 pea= 4 in. H20 
r/D u, volts tf?: 1 mv u, volts IJu"Z, mv u, volts iR2. , mv 
0 7o05 270 7.00 210 6096 153 
.20 7.13 270 7.16 215 7.06 161 
.40 6.85 425 6.50 425 6.35 323 
.41 6.75 462 6.32 450 6.20 313 
.42 6.58 500 6.12 475 6.15 305 
.43 6.35 530 5.85 476 6.05 291 
.44 6.20 560 5.70 473 6.07 285 
.46 5.65 625 5.35 448 6.oo 270 
.48 5.10 668 5.00 408 5.90 260 
.50 4.10 695 4.60 34:o 5.75 280 
.52 3.30 680 4.35 288 5.60 343 
.54 2.62 625 4.18 275 5.38 433 
.56 2.00 550 3.94 310 4.90 580 
.58 1.48 491 3.55 400 4.22 690 
.60 o.88 363 2.63 510 3.82 725 
.62 o.48 253 1.55 442 1.65 570 
.64 0.24 155 o.63 250 0.69 310 
.66 o.oo 0 0.22 124 0.28 148 
1 volt 25 ft/sec. 
Source: Figures 25 and 26. 
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TABLE VII 
HOT WIRE MEASUREMENTS ON ANNULAR NOZZLE 
X/D = 2.0 
Pc a = 0 Pc a = 2 in H2o Pc a = 4: in. H2o 
r/D u, volts ~mv u, volts Fu,mv u, volts ~mv 
0 6.85 362 6.92 230 6.95 153 
.10 6.88 4:oo 6.95 260 6.95 
.20 6.70 4:90 6.80 379 6.95 286 
.JO 6.15 64:5 6.10 580 6.57 4:Bo 
~35 5o72 720 5.70 64:5 5.78 695 
• 4:o 5.08 770 5.08 715 4:.65 780 
• 4:5 4:. 4:J 790 4:.45 720 4:.16 785 
.50 J.69 780 J.72 700 J.6o 770 
.55 3oOJ 735 J.20 660 J.20 74:0 
.60 2.39 650 2.50 600 2o70 700 
.65 1.78 560 2.06 535 2.20 64:o 
• 70 1o25 4:61 1.55 4:52 L 75 570 
.75 o.86 350 1.15 370 LJ5 4:95 
.Bo 0.54: 260 0.70 280 1.00 4:oo 
.85 0.32 180 o.4:5 210 Oo65 320 
.90 0.16 118 0.25 14:2 
1 volt = 25 ft/sec 
Source: Figure 27. 
TABLE VIII 
THE EFFECT OF ANNULAR CONTROL ON CENTERLINE PLATE PRESSURE DISTRIBUTION 
D a = 0.550 in •. , S = 0.125 in. 
Pc a' in. H20 
X/D 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.o 4.5 5.0 
0 6.60 6.60 6.60 6060 6.60 6.60 6.60 6.60 6060 6.60 6.60 
4 6.14 6.21 6.30 6.30 6.31 6.30 6.30 6.28 6.14 6.08 5.86 
5 5.76 5.84 6.02 6.07 6.15 6.15 6.11 5.91 5.56 5.24 5.00 
6 5.04 5.21 5.43 5.58 5.77 5.82 5.62 5.22 4.74 4.40 4.06 
7 4.30 4.42 4.61 4.85 5.11 5.18 5.01 4.45 3.94 3.58 3.26 
8 3.54 3.70 3.89 4.17 4.42 4.45 4.24 3.78 3.30 2.90 2.67 
9 2.86 2.98 3.22 3.40 3.64 3.64 3.50 3.07 2.75 2.44 2.23 
IQ_;; 2.38 2.50 2.61 2.80 3.03 3.08 2.88 2.54 2.30 2.04 1.88 
Ci, .071 .070 .067 .065 .062 .062 .065 .072 .080 .086 .092 
Da = 0.550 in., S = 0.250 in. 
0 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 
4 6.07 6.08 6.15 6.18 6.28 6.33 6.30 6.21 6.00 5.80 5.36 
5 5.64 5.68 5.81 5.90 6.02 6.09 6.05 5.68 5.31 4.86 4.40 
6 4.92 5.02 5.20 5.32 5.56 5.62 5.50 5.04 4.44 3.91 3.57 
7 4.12 4.20 4.42 4.60 4.86 4.96 4.84 4.24 3.68 3.18 2.85 
8 3.42 3.52 3.66 3.91 4.12 4.25 4.12 3.54 3.03 2.62 2.34 
9 2.84 2.90 3.06 3.22 3.44 3.56 3.46 2.90 2.47 2.16 1.92 
10 2.34 2.43 2.52 2.67 2.88 2.99 2.90 2.48 2.10 1.82 1.64 
c,, .073 .073 .070 .068 .065 .064 .066 .075 .084 .094 .103 
"'" v 
!.'-
TABLE VIII (Continued) 
Da = 0.600 in., S = 0.125 in. 
Po a, in.HO 2 
X/D 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4:.o 4:. 5 5.0 
0 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 6.60 
4: 6.05 6.16 6.22 6.29 6.28 6.26 6.14: 6.26 6.22 
5 5.69 5.93 6.08 6.11 6.08 5.98 5.90 5.78 5.58 
6 4:.97 5.38 5.68 5.74: 5.70 5.4:8 5.30 5.04: 4:.78 
7 4:.13 4:.68 5.00 5.14: 5.10 4:.82 4:.57 4:.26 3.94: 
8 3.4:o 3.82 4:.28 4:. 4:6 4:. 41 4:.19 3.85 3.58 J.~32 
9 2.79 3.22 3.58 3.71 3.73 3.50 3.20 3.00 2.74: 
10- 2.30 2.64: 2.96 3.16 3.10 2.94: 2.71 2.52 2.30 
Cp .073 .068 .063 .062 .064: .068 .073 .078 .083 
Source: Figures 28 and 29. 
154 
TABLE IX 
HOT WIRE MEASUREMENTS ON TRANSVERSE NOZZLES 
.X/D = 0.250 p = 7.0 in. H20 
Pct = Q. Pct = 1.0 in. tt2o Pct = 2.0 in .. H20 
r/D u, volts ~ mv u, volts ~ mv u, volts ~ mv 
-.350 7.03 125 6.76 147 6.38 315 
-.370 7.03 128 6.75 172 6.JO 455 
-.)90 7.03 133 6.72 238 6.oo 670 
-.4oo 7.03 138 6.70 275 5.80 760 
-.410 7.00 145 6.65 320 5.55 850 
-.420 7.00 ·:!-55 6.60 385 5.25 930 
-.4JO 7.00 180 6.40 550 4.50 1060 
-.44o 7.00 220 6.10 690 3.90 1060 
-.450 7.00 250 5.75 780 J.35 1020 
-.460 6.90 330 5.10 910 2.65 915 
-.470 6.75 450 3.90 960 2.10 742 
-.480 6.35 600 J.oo 910 1. 70 600 
-.490 5.40 725 2.10 780 1.50 520 
-.500 J.85 820 1.45 600 1.38 448 
-.510 2.30 730 1.00 437 1.35 410 
-.520 1.15 498 0.85 365 1 .. 35 380 
-.530 0.50 285 0.80 310 1.48 335 
+.450 7.00 220 7.00 212 7.00 200 
+.460 7.00 245 7.00 235 7.00 225 
+.470 6.85 316 6.90 308 6.92 286 
+.480 6.4o 502 6.45 485 6.50 455 
+.490 5.05 730 5.00 74o 5.00 725 
+.500 2.55 760 2.55 755 2.70 750 
+.510 1.25 560 L15 530 1.25 540 
+.520 0.60 350 0.60 335 0.60 330 
+.530 0.20 124 0.20 113 0.20 116 
1 volt = 25 ft/sec 
Source: Figure JO. 
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TABLE X 
HOT WIRE TRAVERSE ACROSS TRANSVERSE CONTROL (D .250) 
pct - LO ino H20 Pet == 2.0 in. H2o 
r/Dc v, vol ts ~ 
' 
mv v, volts ~ 
' 
my 
.486 2.25 94 3.35 135 
.491 2.12 103 3.15 151 
.494 2. 10 113 
.496 2.00 125 2.88 180 
.498 1o 73 143 2.62 210 
.501 0.95 149 L17 260 
.503 0.11 44 0.28 97 
.506 0.01 10 0.01 17 
Source: Figure 31. 
r/D u, 
-078 
-.74 
-.70 
-.66 
-.62 
-.58 
-054 
-.50 
-.46 
-.42 
-038 
-.34 
-o)O 
-.26 
-.22 
-.18 
-014 
-. 10 
-.06 
-.02 
+o02 
+.06 
+.10 
Source: 
TABLE XI 
HOT WIRE TRAVERSE ACROSS PRIMARY NOZZLE 
WITH TRANSVERSE CONTROL 
X/D = 00250, P, = 7o0 ino H20 
Pct 0 pct = 1o0 in. H2o Pct~ 2o0 in. H20 
volts R2. 
' 
mvo u, volts [i[2 ' mvo u, volts ~ , mv. 
Oo)O 225 o. 16 76 0.14 66 
0.52 JOO Oo22 92 0.20 77 
0.76 380 Oa22 111 0.20 86 
1.16 510 Oo26 155 0.24 104 
1.50 600 0.35 200 0.29 122 
2.JO 710 o.49 250 Oo)2 141 
J.oo 795 0.65 J4o o.41 174 
J.48 840 a.Bo 400 0.50 215 
4.50 838 1.25 540 0.62 270 
5.20 835 1.60 64o Oo72 325 
5.80 770 2.20 740 1 .. 00 390 
6040 620 2.70 850 1o20 495 
6.70 530 J. 15 910 1.45 565 
6090 435 3.90 938 1.90 680 
7.00 360 4.70 960 2.35 Boo 
7.00 310 5o40 895 2.90 900 
7.00 280 6.oo 810 J.50 960 
7.00 245 6.35 700 4o 10 1000 
7.00 260 6.68 595 4.85 980 
7.00 250 6090 465 5.50 940 
7o00 248 7.00 400 6000 850 
7.00 250 7.00 342 6.50 750 
7.00 250 7.00 310 6070 655 
1 volt= 25 ft/sec 
Figure 320 
r/n 
-1.0 
-0.9 
-o.8 
-0.7 
-0.6 
-0.5 
-0.4 
-0.3 
-0.2 
-0.1 
0 
0.1 
0.2 
0.3 
o.4 
0.5 
o.6 
0.7 
o.8 
Source: 
TABLE XII 
HOT WIRE TRAVERSE ACROSS PRIMARY NOZZLE 
WITH TRI\.NSVERSE CONTROL 
X/D = 4.0, Pe = 7.0 in. H20 
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Pct = 0 in. H20 Pct = 1.0 in. H20 Pct = 2.0 in.H20 
u 1 volts {ii v 2, mvo u 9 . vol ts Ju ,2, .mv. u, .. vol ts J u 1 2,mv. 
o.45 234 0.12 78 0.10 51 
o.88 346 0.22 132 0.13 77 
1.42 485 o.40 230 0.25 145 
2.15 610 0.72 332 0.43 230 
2.98 .730 1.20 445 0.72 325 
3.95 805 1.70 560 1.10 412 
4.85 806 2.30 660 1.55 505 
5.80 700 2.95 750 2.05 605 
6.501 560 3.65 835 2.55 695 
6.80 445 4.40 865 3.10 780 
6.90 400 5.40 852 3. 75 860 
6.82 422 6.10 750 4.46 900 
6.65 530 6.50 625 5.10 892 
6.20 635 6.40 608 5.65 835 
5.40 725 5.90 680 5.90 775 
4.50 775 5.12 760 5.65 775 
3.60 750 4.10 780 5.00 810 
3.10 710 4.20 820 
2.20 600 3.20 770 
1 volt = 25 ft/sec 
Figure 33. 
r/D 
-1.4 
-1.3 
-1.2 
-1.1 
-1.0 
-0.9 
-0.8 
-0.7 
-o.6 
-0.5 
-0.4 
-0.3 
-0.2 
-0.1 
0 
0.1 
0.2 
o.3 
o.4 
0.5 
o.6 
0.7 
o.8 
0.9 
1.0 
1.1 
1.2 
Source: 
TABLE XIII 
HORIZONTAL AND VERTICAL TOTAL PRESSURE PROBE 
TRAVERSES WITH TRANSVERSE CONTROL 
X/D = 6 Pe = 7.5 in. 
HORIZONTAL VERTICAL 
H20 
Pct = 0 Pct = 0.25 in. H20 Pct = 0 Pct = 0.25 
p~ in. H20 P, in. H20 P, in. H20 P, in. 
0.09 
Oo08 0.15 
0.16 0.26 
0.22 0.27 0.19 o.4o 
0.39 o.47 0.34 0.62 
0.61 0.76 0.55 0.94 
0.94 1.14 o.86 1.25 
1.37 1.64 1.26 1.75 
1.91 2.30 1.78 2.22 
2.60 3.08 2.42 2.68 
3.35 3.80 3.17 3.19 
4.13 4.39 3.99 3.72 
4.86 4.65 4.75 4.14 
5.34 4.48 5.30 4.44 
5o44 3.89 5.50 4.62 
5.20 3.32 5.36 4.52 
4.62 2.60 4.90 4.26 
3.90 1.99 4.20 3.85 
3.10 1.48 3.38 3.38 
2.36 1.06 2.60 2.81 
1. 73 Oo73 1.94 2.28 
1.25 o.48 1.38 1.80 
Oo85 Oo28 0.95 1.38 
0.55 0.15 0.62 0.98 
0.34 0.06 0.38 0.70 
0.20 0.02 0.22 o.46 
0.30 
Figure 34. 
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in. H20 
H20 
r/D 
-1.4 
-1.3 
-1.2 
-1.1 
-1.0 
-0.9 
-0.8 
-0.7 
·-o.6 
-0.5 
-0.4 
-0.3 
-0.2 
-0.1 
0 
0.1 
0.2 
0.3 
o.4 
0.5 
o.6 
0.7 
o.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
Source: 
Pct 
TABLE XIV 
HOT WIRE TRAVERSE ACROSS PRIMARY NOZZLE 
WITH TRANSVERSE CONTROL 
X/D = 6, Pe . = 7.0 in. H2o ,· 
= 0 in. H2o Pct = 0.25 in. H20 
159 
Pot= 0.9 in. H20 
u, volts J u1 2, mv. u, volts J u1 2
1
, mv. u, vol ts ~ u ,2 9 mv. 
0.22 145 0.35 178 0.65 270 
o.45 220 0.65 263 1.00 343 
0.80 305 1.05 352 1.35 4J8 
1.20 400 1.42 448 1.85 540 
1.65 510 2.00 545 2.40 640 
2.25 605 2.60 652 3.05 735 
2.95 705 3.29 752 3.75 820 
3.60 795 4.02 830 4.50 875 
4.35 860 4.80 895 5.25 906 
5.10 910 5.60 920 5.80 908 
5.90 920 6. Lill 902 6.25 900 
6.62 900 6.90 862 6.45 885 
7.22 840 7.20 840 6.30 912 
7.64 765 7.07 968 6.oo 937 
7.80 730 6.60 926 . 5.45 938 
7.68 770 6.02 958 4.85 917 
7.25 840 5.35 952 4.25 865 
6.68 905 4.65 905 3.65 803 
6.oo 935 4.oo 850 3.05 740 
5.22 920 3.37 780 2.43 660 
4.45 880 2.70 695 1.96 580 
3.72 815 2.12 600 1.5.0 480 
3.00 725 1.60 510 1.05 400 
2.38 625 1.15 422 0.70 312 
1.75 525 0.80 335 o.45 230 
1.25 420 0.50 250 
0.80 320 0.28 158 
0.50 225 0.15 llO 
0.25 150 0.10 73 
1 volt = 20 ft/sec 
Figure 35. 
pct = 
X/D 
4 
5 
6 
7 
8 
9 
10 
c'.P 
Pct 
4 
5 
6 
7 
8 
9 
10 
cP 
Source: 
TABLE XV 
PLATE CENTERLINE TOTAL PRESSURES 
WITH TRANSVERSE CONTROL 
D = 0.500 in., DcJD = 0.5, p = 7.5 in. H20 e 
0 • 4 .8 1.2 1.6 
p;i pp pp pp pp 
7.26 7.18 6.88 6.46 6.02 
6.84 6.60 6.oo 5.38 4.88 
6.10 5.71 4.92 4.31 3.86 
5.24 '*· 75 4.08 3.53 3.13 4.39 4.00 3.42 2.97 2.60 
3.64 3.36 2.85 2.47 2. 21 
3.01 2.84 2.42 2.10 1.90 
.066 .071 .080 .088 .095 
Dc/D = 1.0 
0 0.1 0.2 0.3 o. 4 
7.26 7.22 7.09 7.00 6.80 
6.85 6.74 6.49 6.10 5.70 
6.15 5.95 5.50 5.06 4. 64 
5.22 5.02 4. 64 4. 20 3.78 
4. '*° 4.16 3.82 3. 46 3.12 
3.67 3.56 3.19 2.91 2.63 
3.05 2.93 2.70 2. 44 2. 21 
.067 .069 .074 .079 .o84 
Figures 36 and 37. 
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2.0 in.H20 
pp in.H20 
5.62 
4. 43 
3.52 
2.84 
2.38 
2.01 
1.77 
.105 
0.5 in.H20 
6.58 
5.31 
4. 28 
3 .43 
2.84 
2.39 
2.04 
.090 
Pct 
X/D 
4.32 
4a72 
5.04 
5.35 
5.66 
5.98 
6.JO 
6.61 
6.93 
7.25 
7.57 
7.88 
8.19 
8.50 
8.82 
9. 13 
9.92 
cP 
Source: 
TABLE XVI 
PLATE CENTERLINE TOTAL PRESSURES WITH 
TRANSVERSE CONTROL 
D = 0.125 in. D0 /D = 1.0 Pe 
O in. H20 pct = 2 in. H2o pct = 4 in. H20 
P:p ' psig PP , psig Pt> , psig 
J.66 J.54 J.23 
J.60 J.40 Jo02 
J.50 J.26 2.81 
J.41 J.07 2.60 
J.JO 2 .. 89 2.40 
J.18 2o71 2.20 
J.01 2.53 2a01 
2.86 2.J6 1.85 
2.72 2o21 1. 71 
2.56 2.08 1.60 
2a41 1.92 1.50 
2.28 1.80 1.40 
2.15 1.67 1.31 
2o02 1.57 1.23 
1o90 1.49 1.15 
1.79 1.40 1.10 
1.54 1.21 0.95 
.071 .080 .092 
Figure JS. 
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= 4.o psig 
Pct = 6 in. H2o 
PP , psig 
2.90 
2.68 
2.44 
2.23 
2.0J 
1.85 
1.67 
1.56 
1.43 
1.32 
1.23 
1.15 
1.09 
1.03 
0.99 
0.92 
0.77 
0105 
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TABLE XVII 
STREAMSURFACE POSITION 
L/D = 5 L/D = 7 L/D = 9 
Qs/Qm Z(R)/D Z(O)/D Qs/Qm Z(R)/D z(o)/D Qs/~ Z(R)/D Z(O)/D 
.326 .01*0 .302 .030 .338 .037 
.1*58 .01±2 .362 .039 .1*59 .01*3 
.51*3 -.065 .'*1j .01*3 .579 .063 .115 
.628 .061 .053 .1*83 .050 .700 .107 • 3'*9 
.688 .065 .51*3 .057 .033 .820 .127 • 1±18 
.71*8 .090 .191 .601* .065 .131 .870 .150 .525 
.808 .108 • 661* .080 .216 .891* .192 
.869 .128 .328 • 723 .106 .250 .930 .276 
.917 .186 .785 .092 .31*8 .951* .377 
.91*1 .229 .81*5 .11±9 .1*27 
.977 • 1±16 .907 .222 .581* 
.969 .309 
L/D = 6 L/D = 8 
.1±22 .032 .21*2 .011* 
.1*83 .039 .362 .028 
.51*3 .01*3 -.065 .1*83 .059 
•• 601* .01*8 .070 .601* .060 .139 
.665 .060 .112 • 723 .078 .273 
• 725 .079 • 785 .117 .309 
• 787 .106 .250 .81*5 .128 .1±27 
.81*5 .121 .907 .213 
.907 .173 • 1±67 .969 .34:3 
.969 .263 
Source: Figures 1*o, 1±2' '*4,~ and 1±5. 
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TABLE XVIII 
AXIAL PRESSURE TRAVERSE AT r = R 
~/~ = o.42 
z,mm Z,mm Z,mm 
0.04 -Oo55 o.o4 2.00 Oo04 3.90 
0.54 0.20 0.14 2.28 0.14 3.40 
1.04 2.30 0.24 3.25 0.24 3.70 
1.24 3.40 o.44 4.50 0.29 3. 89( 
1.44 4o 10 o.64 5.15 0.34 3.97 
1.64 4.56 0.94 5.47 Oo39 4.08 
1.84 4c80 1.29 5.38 o.44 4.11 
2.04 5. 10 1.54 5o20 o.49 4015 
2.24 5.35 2.54 3.85 0.54 4.18 
2.44 5o55 4.04 2o20 0.59 4.18 
2.64 5o65 o.64 4.12 
2.84 5.75 Oo74 4.10 
3.04 5.80 1.04 3o75 
3o24 5o75 1.54 3o07 
3.44 5.70 
4o04 5o50 
Source: Figure 43. 
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TABLE XIX 
DIRECT EMITTER MODULATION (D = 0.500 in.) 
D = 0.500 in., P 5 = 4caO in. H2o 
L/D == 6 L/D = 8 
Pe, in. Pe/Ps Qs/Qm Po/P 6 pa' in. p /P Qs/Qm P0 /P e s s H20 H2o 
4.74 1.185 .966 .067 6.08 1.520 .966 .067 
4o75 1.188 .976 .047 6011 1.528 .978 .o44 
4.79 1.198 .934 .128 6.28 1.570 .913 .166 
4.80 1.200 .908 .176 6.32 1.580 .916 • 161 
4.82 1.205 .883 .220 6.4o 1.600 .84o • 294 
4.84 1.210 .851 .276 6.43 1.608 .782 .389 
4.85 1. 213 .833 .306 6.44 1.610 .850 .277 
4.86 1.215 • 771 .406 6.48 1.620 • 708 .499 
4.87 1.218 .784 .385 6.52 1.630 .633 .599 
4.88 1.220 .667 .555 6.53 1.632 .550 .697 
4.89 1.223 .633 .599 6.54 1.635 .535 • 714 
4o90 1. 225 .540 .708 6.55 1.638 .417 .826 
4.91 1. 228 .417 .826 6.56 1.640 .437 .809 
4.92 1.230 .283 .920 6.57 1.643 .317 .900 
4.93 1.233 .334 .888 6.58 1.645 .345 .881 
4.96 lo240 .150 .977 6.65 1.663 .167 .972 
4.98 la245 .178 .968 6. 71 1.678 .173 .970 
5.08 1.270 0 1.000 6.80 1.700 0 1.000 
Source: Figure 60. 
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TABLE XX 
DIRECT EMITTER MODULATION (D = Oo 125 in.) 
D = 0.125 in., PS 2 psig 
L/D = 5 L/D = 8 
P., , psig Pe/Ps Qj~ Po/Ps p ' e psig P~/P6 Qs/~ Po/Ps 
2.25 1.13 .976 .o48 3.09 1.55 1.000 .000 
2o33 1.17 .928 .140 3.33 1.67 .959 .081 
2.30 1.15 .963 .073 3.20 1.60 .976 .048 
2.39 1.20 .842 .292 3.51 1.76 .907 .178 
2.4:o 1.20 .724 .476 3.55 1.78 .856 .268 
2.41 1.21 .523 .727 3.62 1.81 • 774 .4o2 
2o43 1.22 .325 .895 3.70 1.85 .502 .748 
2.54 1.27 0 1.000 3.83 1.92 .268 .928 
2.50 1.25 .140 .980 4.01 2.01 .ooo 1.000 
L/D = 6 L/D = 9 
2.20 1.10 .996 .009 3.19 1.60 .906 .008 
2.40 1.20 0989 .022 3.82 1.91 .969 .061 
2.53 1.27 .963 .073 4.01 2.01 .937 .122 
2.58 1.29 .929 .137 4.13 2.07 .907 .177 
2.61 1.31 .903 .185 4:.25 2.13 .829 .313 
2.64 L32 .858 .265 4.33 2.17 • 716 .487 
2.69 L35 .64o .591 4.41 2.21 .493 .757 
2.72 1.36 .401 .839 4.64 2.32 .161 .974 
2.84 1.Lic2 .120 0 939 4.74 2.37 .000 1.000 
2.90 1.45 0 1.000 
L/D = 7 
2.66 1.33 1.000 .000 
2.72 1.36 .989 .022 
2.85 1.43 .976 .048 
2.90 1.45 .960 .080 
3.01 1.51 .909 .175 
3.05 lo53 .863 .255 
3.12 1.56 .74:6 .444 
3.18 1.59 .522 • 728 
3. 26 1.63 .248 .939 
3.40 1.70 .ooo 1.000 
Source: Figure 61. 
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TABLE XXI 
DIRECT EMITTER MODULATION (D = Oo 125 in.) 
D = Oal25 in. 3 PS = 4 psi.g 
L/D = 5 L/D = 8 
Pe' psig Pe/Ps Qs/Qm Po/P8 Pe ' psig p /P e s Qs/~ P0 /P s 
4o37 1.09 .997 .006 5o64 1. 41 .995 .010 
4.49 L12 .986 .028 6.44 L61 .970 .059 
Li:.55 1.14 .972 .05.5 6.15 L5li: .982 .036 
li:.63 1.16 .91±8 0101 6.91± L74 .922 .150 
Li:. 73 1.18 .879 .227 7ol9 1.80 .860 .260 
4.851 10 21 .652 .575 7.36 L84 • 783 .387 
4.92 lo23 .429 .816 7.53 1.88 .691 .523 
4.99 lo25 .278 .923 7.82 L96 .462 .787 
8.32 2.08 .105 .989 
L/D = 6 L/D = 9 
4u50 1.13 .998 .oo4 6076 1.69 .987 .026 
li:.82 L21 .983 .034 7°39 1.85 .974 .051 
4.93 lo2J .969 .061 7.85 L96 .948 .101 
5.10 lo28 .930 .1.35 8.14 2.04: .917 .159 
5.16 L29 .901 ,;188 8..32 2.08 .888 • 211 
5. 25 L31 .848 • 281 8.62 2.16 .809 .346 
5.37 LJ4 .718 .484 8.85 2.21 • 702 .507 
5.51 1.38 .51t4 • 704. 9.10 2.28 .519 .731 
5.64 1. 41 • .367 .865 9.50 2.38 .210 0956 
5.88 1.Li:7 • 07.'3 .995 
L/D = 7 
5.06 1.27 1.000 .ooo 
5.60 1.40 .967 .065 
5.85 1.4:6 .938 .120 
6.09 1.52 .876 • 233 
6.25 1.56 .791 .371± 
6.32 1.58 .738 .45.5 
6.56 1.64 .4:93 .757 
6.91 L73 .157 .975 
Source: Figure 61. 
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TABLE XXII 
DIRECT ANNULAR MODULATION 
Ps = 5.0 in. H2o L/D = 6, pl!I = 6.4 in. H2o L/D = 8, p; = 8.6 in. H20 
DaLD = 1.1 
Pc a, in. Pca/Ps Qs/Qm Po/P 6 Po a, in. Pce./P 6 Qs/Qm Po/P 6 
HO HO 2 2 
0 .000 1.000 .ooo 0 0 1.000 .000 
0.14 .028 .957 .085 0.35 .070 .970 .060 
Oo25 .050 .927 .140 o.43 .086 .957 .085 
0.35 .070 .897 .196 0.58 .ll6 .927 .140 
o.45 .090 .856 .268 o.66 .132 .897 .196 
0.50 .100 .813 .340 0.76 .152 .856 • 268 
0.53 .106 .787 .381 o.84 .168 .813 .340 
0.58 .ll6 .767 .412 0.87 .174 .787 .381 
0.63 .126 .720 .482 0.90 .180 .767 .412 
0.65 .130 .683 .534 0.93 .186 • 720 .482 
o.66 .132 .658 .567 0.98 .196 .683 .534 
0.69 .138 .608 .630 1.02 .204 .658 .567 
0.70 .140 .535 .714 1.07 • 214 .608 .630 
0.72 .144 .478 .772 1.10 .220 .535 • 714 
0.76 .152 .421 .823 1.12 .224 .478 .772 
0.80 .160 .366 .866 1.17 .234 .421 .823 
0.83 .166 .31l .903 1.21 .242 .366 .866 
0.92 .184 • 206 .958 1.40 .280 . 206 .958 
1.20 .240 .102 .990 1.58 .316 .102 .990 
0.16 .032 .957 .085 
0.14 .028 .970 .060 
o.47 0094 .842 .291 
0.51 .102 .774 .401 
0.58 .ll6 0696 .515 
o.68 .136 .6J4 .598 
0.70 .140 .571 .674 
0.74 .148 .512 • 738 
0.80 .160 .399 .841 
Source: Figures 62, and 6J. 
168 
TABLE XXIII 
DIRECT ANNULAR MODULATION 
L/D = 10, P5 = 3.5 ino H2o, Pe = 8.9 in. H2o 
Da/D = 1.1 D /D = 1.2 a 
Pea, in. Pea/Ps QJQm Po/P 6 Pc a, in. Pc a/Ps Qs/~ Po/P6 
H20 H20 
0.60 .171 .971 .056 0.65 .187 .971 .056 
0.91 .260 .940 .1l5 0.89 .254 .94:o .ll5 
1.19 • .340 .908 .175 1.09 .312 .908 .175 
1.33 .380 .864 • 255 1.19 .340 .864 .255 
1.37 .392 .830 .31l 1.21 • 346 .830 .311 
1.45 .415 .80. .358 1.25 .358 .801 .358 
1.47 .420 • 777 .396 1.26 .360 .777 .396 
1.52 .435 .745 • 445 1.30 .372 • 745 .4:45 
1.52 . 435 . 714 .490 1.32 .378 • 714 .490 
1.54 • 440 .688 .527 1.36 .389 .688 .527 
1.55 • 443 .646 .583 1.37 .392 .646 .583 
1.60 .457 .591 .651 1.38 .395 .591 .651 
1.61 .460 .551 .696 1.38 .395 .551 .696 
l O 70 .486 .486 .764 1.43 0409 .486 • 764 
l. 70 .486 .423 .821 1.40 .400 .423 .821 
1.74 .497 .359 .871 1.42 .4:o6 • .359 .871 
1.80 .515 .297 .912 1.49 .426 .297 .912 
1.88 .538 .236 .944 1.60 .457 .236 .944 
2.11 .603 .118 .986 1.84 .526 .118 .986 
Source: Figure 64. 
TABLE XXIV 
TRANSVERSE MODULATOR CHARACTERISTICS 
P8 = 7.5 in. H20, Dc/D = 0.500 
L/D = 4, P8 = 7.90 in. H20 L/D = 6, Pe = 9.50 in. H20 
Pct, in. pc tfPs Qs/~ Po/P8 Pct, in. Pc tfPs ~/~ Po/P6 
H20 H20 
.66 .088 .930 .136 .44:o .059 .930 .136 
.56 .075 · .863 .256 .370 .049 .863 • 256 
.49 .065 .Boo .360 .JJO .044 .Boo .360 
.48 .064 • 74:o .453 .310 .041 .740 .453 
.47 .063 .684 .5.33 .JOO .04:o .684 .533 
.44 .059 .629 .604 .285 .038 .629 .604 
.4J .057 .576 .668 .270 .036 .524 .726 
.4J .057 .524 • 726 .24:o .032 .428 .813 
.42 .056 .476 .774 .200 .027 .JJ6 .887 
.41 .055 .428 .813 .160 .021 .249 .938 
.41 .055 .382 .854 .080 .Oll .164 .973 
.41 .055 .JJ6 .887 
.37 .049 .249 .938 
.JJ .044 .164 .973 
• 26 .035 .081 .993 
.17 .023 0 1.000 
.41 .055 .428 .813 
.41 .055 .336 .887 
Source: Figure 65 
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